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Note to the reader 

The stratigraphic scheme set out in this thesis represents work in progress at the time 

of authorship. It is the author's intention to publish a formal stratigraphy in a peer-

reviewed publication as a result of this work. The reader is advised to see subsequent 

publications if making use of the stratigraphy outlined here. 
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Abstract 

The lzmir-Ankara-Erzincan suture zone (IAEZ) in the Central and the Eastern Pontides, N 
Turkey comprises a stack of mainly Upper Cretaceous-Early Tertiary thrust sheets that 
record the development of: 1) a subduction-accretion complex; 2) a rifled continental margin 
volcanic arc and associated fore-arc basin, and 3) a backarc basin and its sedimentary fill. 
Alternative tectonic models are considered in this thesis in the light of structural, 
sedimentary, igneous geochemical and palaeontological evidence. A tectonostratigraphic 
revision of the Late Cretaceous-Early Tertiary Neotethyan units in the Central and Eastern 
Pontides, combined with new biostratigraphic ages is used to constrain the timing of events 
associated with the assembly of the suture zone. All of the Late Cretaceous Neotethyan units 
exhibit a pervasive north-vergent shear. The age of north vergent deformation is constrained 
by the oldest overlying sediments (Kadikizi Formation and Sipikor Formation) as pre-
Eocene. Large-scale southward thrusting followed, forming the present thrust stack. Whole-
rock geochemical analyses of basic igneous rocks obtained by X-ray fluorescence indicate 
the presence of a volcanic arc within the suture zone. The geochemistry of the Neotethyan 
ophiolites (found to the north of the arc units in both areas) suggests they may represent 
emplaced backarc basin lithosphere. Screens of metamorphic rocks within the ophiolite in 
the Eastern Pontides, together with geochemical evidence for a partially enriched mantle 
source of arc volcanic rocks in the Central Pontides suggest that the arc-backarc system 
formed by rifting of the continental margin of Eurasia. Using petrographic evidence thick 
(<1500 in) sedimentary successions found within the suture zone are interpreted as arc 
apron, forearc, backarc and syn-collisional basins respectively. 

From the distribution of tectonic facies within the suture zone it is inferred that 
Neotethys was subducted northwards beneath the Eurasian margin associated with 
oceanwards trench-retreat, development of a volcanic arc and a backarc basin during Late 
Cretaceous time (Santonian-Maastrichtian; -85-65 Ma). During Maastrichtian time (71-65 
Ma) the northward-subducting trench collided with the Tauride-Anatolide Platform, driving 
northward and southward emplacement of accretionary mélange, volcanic arc and ophiolitic 
units. This incipient collision was accompanied by accumulation of nummulitic carbonates 
in a shelf-depth setting during Palaeocene-Early Eocene time (65-49 Ma) in the Eastern 
Pontides, and Mid Eocene time (48.6-37.2 Ma) in the Central Pontides. The suture tightened 
in the Mid-Eocene ("hard collision"), causing large-scale southward imbrication and 
northward backthrusting in some areas. By way of discussion the results are compared with 
modern tectonic settings and are relevant to the initiation of subduction, the transition from 
accretionary to collisional processes, suture zone development and, the conditions of 
ophiolite genesis. 
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I Introduction 

1.1 Context 

The Eastern Mediterranean region has received much attention from 

geologists due to a particularly challenging set of tectonostratigraphic problems and a 

complicated tectonic history associated with the closure history of the Palaeozoic-

Mesozoic ocean, Tethys. This complicated history has led to the development of 

several suture zones in the region (Figures 1.1 and 1.2). These suture zones mark the 

traces of former oceanic basins and the boundaries of previously separated 

continental lithospheric plates ($engor and Yilmaz 1981; Dercourt et al. 1986; 1991; 

Robertson and Dixon 1984; Okay and TuysUz 1999). Models for the tectonic 

development of the region (and even of local areas within the region) have 

continuously developed over the last 50 years and it is now apparent that a former 

ocean (Tethys) that was located between Afro-Arabia and Eurasia, finally closed 

along the Upper Cretaceous Izmir-Ankara-Erzincan Suture Zone (Izmir-Ankara-

Erzincan Suture Zone). The Tethyan ocean is commonly divided into an Upper 

Palaeozoic-Lower Mesozoic 'Paleaotethys' and, an Upper Mesozoic 'Neotethys' (e.g 

Robertson and Dixon 1984). Several Neotethyan sutures have been identified in the 

Eastern Mediterranean region and these are generally divided into southerly and 

northerly sutures representing at least two oceanic areas. Further explanation of these 

different Tethyan definitions is given later. The Izmir-Ankara-Erzincan Suture Zone 

represents the scar of the main Neotethys (Sengor and Yilmaz 1981; Dercourt et al. 

1986; Robertson and Dixon 1984). This suture zone can be traced across northern 

Anatolia from Izmir, on the Aegean coast, to the Armenian border in the East, where 

it continues eastward into the Caspian region (Figures 1.1 and 1.2; Adamia et al. 

1981; Sengor and Yilmaz 1981; Okay and TUysuz 1999; Robertson 2004). However, 

most geological research has focused on south-Tethyan sutures (i.e. in the Taurides, 

southeast Turkey, Antalya and Cyprus) and there has been a paucity of data from the 

Upper Cretaceous Izmir-Ankara-Erzincan Suture Zone. Several studies have noted 

the existence of a volcanic arc-type unit within the Izmir-Ankara-Erzincan Suture 

Zone (TuysUz 1990, 1995; Ustaömer and Robertson 1997; Koçyigit 2003; Rojay 

2001). In particular, uncertainty persists regarding the direction and timing of 
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subduction of Tethyan lithosphere during Late Cretaceous time, the origin and 

mechanism of emplacement of ophiolites in the Pontides (Figure 1.3), and the timing 

of the final closure of northern Neotethys. This study provides critical data from the 

Izmir-Ankara-Erzincan Suture Zone in the Eastern and Central Pontides in order to 

better understand the tectonic development of the Izmir-Ankara-Erzincan Suture 

Zone. The results of this study highlight the role of a volcanic arc related to 

northward subduction of northern Neotethyan oceanic lithosphere. 
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Figure 1.1. Outline map of the Eastern Mediterranean region showing the main suture 

zones (after Robertson 2002). 



1.2 Ophiolites and ophiolitic suture zones: development of concepts 

Suture zones represent the boundaries of former lithospheric plates. Their 

occurrence is associated in space and time with orogenesis (Dewey 1976). Suture 

zones are commonly associated with ophiolite complexes and typically contain 

ophiolitic mélange. In addition, it has long been recognised that ophiolites are a 

ubiquitous feature of major mountain belts globally (of both collisional and 

accretionary type; e.g. the Alpine-Himalayan Belt and the Andes respectively; e.g. 

Daiziel 1986). Early-on it was appreciated that the age of the vast majority of 

ophiolite complexes is very close to the age of their subsequent emplacement. 

Therefore, beyond providing information on the origin and nature of oceanic-type 

lithosphere (Parson and Murton 1992) ophiolites are central to concepts of how 

orogenesis operates in space and time. 
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Figure 1.3. Outline map of the Eastern Mediterranean region showing main ophiolite 

occurrences (after Robertson 2002). 

The geological map of the world shows a greater density of ophiolites by area 

in the Mediterranean and Middle East than anywhere else in the world (except 

perhaps Indonesia or Alaska; Robertson 2004). Outcrops of the main ophiolites in the 

Eastern Mediterranean are shown in Figure 1.3. The Mediterranean region provides 

an excellent 'natural laboratory' in which interpretations of ophiolites and concepts 

regarding their emplacement and their role in orogenesis have been continuously 

tested and developed since the 1960's. 

One problem, however, is that in terms of their origin, the Eastern 

Mediterranean ophiolites may not be representative of all ophiolites, particularly 

those occurring in non-collisional mountain belts (e.g. the Andes). Another problem 

is that the Eastern Mediterranean ophiolites were generated and emplaced in great 

abundance within discrete brief intervals of geological time (Livermore and Smith 

1984; Robertson and Dixon 1984). No directly equivalent process is known to be 

occurring today and there is no exact modern analogue for such extensive ophiolite 

development and emplacement (Pearce 2003; Robertson 2004). The formation and 

emplacement of ophiolites in mountain belts seems to occur in temporal pulses and 



many workers have related the origin and emplacement of ophiolites to specific 

phases of drastic plate boundary reorganisation, or the generation of Large Igneous 

Provinces (e.g. Dalziel et al. 2000; Dilek 2003; Smith 2004; Robertson 2004). 

Therefore, ophiolites appear to present a challenge to uniformitarianism. Are 

ophiolites indicative of some drastic global tectonic event or can their emplacement 

be controlled by regional-scale tectonic processes (e.g. ridge subduction, arc-trench 

collision)? 

Ophiolites were recognised well before the acceptance of the plate tectonic 

paradigm (e.g. Brogniart 1813; Suess 1909; Steinmann 1927; Bruhn 1954). It was 

suggested early-on that Alpine peridotites were formed by intrusion and extrusion of 

basic and ultrabasic magma within geosynclines (e.g. Harker 1909; Vogt 1921; see 

Young 2003). The sheeted dykes of the Troodos Massif (Cyprus) had been studied 

by Wilson (1959) before the hypothesis of seafloor spreading was proposed by Vine 

and Matthews in 1963. Mapping of the Troodos Massif by Gass (1968) and further 

studies by Moores and Vine (197 1 ) led to the acceptance of ophiolites as fragments 

of oceanic crust formed at spreading centres. This view was retained when the 

Penrose Conference delegates in 1972 formally defined an ophiolite as a 'distinctive 

assemblage of mafic to ultramafic rocks'. In a complete Penrose-type ophiolite the 

rock types occur in the following sequence, starting from the bottom and working up: 

Ultramafic complex. 

Gabbroic complex. 

Mafic sheeted dyke complex. 

Mafic volcanic complex (Anonymous 1972). 

more recently it was discovered that the Penrose-type definition does not apply well 

to the rifled-type ophiolites of e.g. the Eastern Alps and the Apennines (Robertson 

2002). 

During the 1970's basalts from a variety of tectonic settings including mid-

oceanic spreading centres, seamounts and, volcanic arcs were geochemically 

analysed (e.g. Pearce and Cairn 1973). Geochemical data from many ophiolites were 

shown not to match the composition of typical oceanic crust (Mid-Ocean Ridge 

Basalt; MORB; e.g. Pearce and Cann 1973; Shervais 1982; Pearce 1982). It was soon 
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recognised that the concept of ophiolites as analogues for typical oceanic lithosphere 

did not adequately explain these differences. The chemistry of ophiolitic lavas was 

shown to be, in many cases, more similar to that of volcanic arcs formed above 

subduction zones than to typical MORB (although it was also recognised that some 

ophiolites do have compositions similar to MORB; e.g. in the Western 

Mediterranean; Pearce et al. 1984). The geochemistry of ophiolites, very commonly, 

indicates that their formation was associated with subduction rather than the seafloor 

spreading stages of Wilson cycles. However, ophiolites are clearly neither 

structurally nor petrologically similar to well-developed volcanic arcs (Gass et al. 

1975). In the search for modern analogues for the formation of suprasubduction zone 

(SSZ) ophiolites, extension-related magmatism in convergent tectonic settings such 

as backarc basins, forearc basins and, embryonic intraoceanic volcanic arcs became 

popular candidates. An embryonic arc setting was favoured (e.g. Pearce 1982; Clift 

and Dixon 1998; Robertson 2004) although modem analogues are apparently rare. 

One example could be the Trobriand arc! Woodlark Basin near Papua New Guinea 

(Davies 1984; Robertson et al. 2001). More recently, studies of ophiolites have 

shown that their composition, anatomy and origin are varied (MORB and Supra-

Subduction Zone (SSZ) types are recognised; e.g. Pearce et al 1984) and a 'Tethyan'-

type vs. 'Cordilleran'-type distinction has been made on the basis of oceanic settings 

and mode of emplacement (e.g. Robertson and Dixon 1984; Spaggari et al. 2003; 

Beccaluva et al. 2004). Western Mediterranean ophiolites are mostly similar, in 

terms of petrology and geochemistry, to oceanic lithosphere formed at mid-oceanic 

ridges (e.g. Subpelagonian ophiolites of the Albanide-Hellenide system; Beccaluva 

1994). By contrast, the ophiolites of the Eastern Mediterranean are generally of SSZ-

type (Robertson 2004). 

In addition to the SSZ geochemical characteristics of most ophiolites the 

ubiquitous occurrence of ophiolites within orogenic belts and suture zones points to a 

close association between ophiolite genesis and convergent plate tectonics. The age 

of ophiolites is commonly close to the age of their emplacement (i.e. within —45 

M.y.; e.g. Dewey 1976). The formation of SSZ ophiolites is likely to be a response to 

the initiation of new subduction zones (Casey and Dewey 1984; Beccaluva et al. 

2004). However, the initiation of subduction is a poorly understood process with no 
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well documented modem analogues. As is the case for ophiolite genesis, subduction 

zone initiation also appears to be non-uniformitarian and might have occured at 

specific times of drastic global plate motion reorganisation (Casey and Dewey 1984; 

Dilek 2004). SSZ ophiolites could provide a tectono-magmatic record of the early 

stages of subduction and on the setting of its initiation (Flower and Dilek 2003). 

1.3 Development of ophiolite genesis and emplacement models in the 

Eastern Mediterranean and Oman 

Evidence from the Eastern Mediterranean and Oman has been used 

extensively to develop models for ophiolite genesis and emplacement. As mentioned 

above, the vast majority of data from the region have been obtained from south 

Tethyan suture zones. A brief outline of the development of these models in the 

Eastern Mediterranean provides a regional and historical context for this research 

which is concerned with the Izmir-Ankara-Erzincan Suture Zone in Turkey. 

1.3.1 Trench-margin collision model (Oman) 

The trench-margin collision model (Figure 1.4), which has been commonly 

applied to the Upper Cretaceous Semail Ophiolite of Oman (Glennie et al. 1973; 

Lippard et al. 1986), is the most popular model for the emplacement of Tethyan 

ophiolites. This model has since been successfully applied to many Eastern 

Mediterranean ophiolites, for example ophiolites which were emplaced southwards 

onto the Tauride platform (Lycian ophiolite: Collins and Robertson 1998; celik and 

Delaloye; Beyehir ophiolite: Andrew and Robertson 2002; Pozanti-Karsanti 

ophiolite: Parlak et al. 2001; Kuthaya ophiolite, NW Turkey: Onen 2003; see Figure 

1.3), ophiolites located along the Northern Arabian margin, through Iran, eastern 

Turkey and northern Syria (Ricou 1971; Glennie 2000) and ophiolites of the Balkans 

(Pindos and Vorinos Ophiolites: Capedri et al. 1980; Noiret et al. 1981). The Semail 

Ophiolite, Oman, developed above a north-dipping subduction zone during Late 

Cretaceous time as a result of SSZ extension and trench retreat ('rollback'). Several 

million years later the retreating trench reached the Arabian continental margin. The 

same lithospheric thrust zone that had been the subduction zone facilitated the 

emplacement of the new SSZ crust (i.e. the ophiolite) southwards over the Arabian 



passive margin (Searle and Malpas 1980, 1982; Cox 1999; Robertson 2004). 

However, even with the possibility of temperature-induced buoyancy in the young 

ophiolitic slab it seems counter-intuitive that a vast slab of oceanic lithosphere could 

be obducted from an ocean basin, upwards, onto a continental margin against gravity. 

Analysis of syn-emplacement sedimentary rocks (Muti Formation) revealed that the 

margin and the abyssal plain subsided ahead of the advancing ophiolite nappe 

(Robertson 1987) due to to the flexural bending of the lithosphere in response to 

slab-pull. Small granitic intrusions were inferred to have been derived by melting of 

passive margin sedimentary rocks that were partially subducted beneath the ophiolite 

(Cox 1999). Thus, the trench-margin collision model can be envisaged as the partial 

subduction of a continental margin rather than the forced upward-thrusting of 

oceanic lithosphere. In Oman, the thickness of subduction-resistant continental crust 

eventually 'choked' the subduction zone and the buoyancy of the partially consumed 

margin then uplifted the obducted ophiolite (Searle and Malpas 1980; Robertson 

2004). 

EI3 
a TRENCH-MARGIN COLLISION 

	
b RIDGE COLLAPSE 

LEI 

d TRANSPRESSION 

C MICRO-CONTINENT (OR SEAMOUN!T) 
	 (REACTIVATED TRANSFORM) 

COLLISION 

Figure 1.4. Some ophiolite emplacement models that have been applied in the Eastern 

Mediterranean (after Robertson 2004). a) Trench-passive margin collision (e.g. Oman); 

b) collapse of a spreading ridge; c) oceanward trench-jump following accretion of 

seamount or continental fragment; d) strike-slip (transpressional) emplacement (e.g. 

Antalya complex). 
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1.3.2 Ridge-collapse model 

The high-temperatures necessary to generate the amphibolite facies rocks 

observed within the metamorphic soles of many ophiolites suggest that the basal 

thrust of the ophiolite developed near to the spreading ridge, where the crust was 

youngest and hottest (Hopson and Pallister 1980; Pallister and Hopson 1981; Nicolas 

and LePichon 1980). This led to the ridge-collapse model (Figure 1.4) in which a 

spreading ridge became the site of intraoceanic overthrusting. However, the 

geochemistry of metabasites within the metamorphic sole showed that they had a 

different petrogenetic origin (i.e. 'Within-Plate Basalt' and MORB) to the overriding 

SSZ ophiolite (Pearce 1981; Robertson 2004). This difference between the chemistry 

of the metamorphic sole and the overriding ophiolite would not be expected if the 

metamorphic sole rocks were accreted from the adjacent flank of a symmetrical 

spreading ridge (Harris 1992). Thus an asymmetrical ridge-collapse model is 

required in which only one side of the ridge subsided and retreated (Dixon and 

Robertson 1985). The SSZ ophiolite formed above the sinking flank of the ridge 

(composed of MORE lithosphere; the protolith of the accreted metamorphic sole 

rocks). The ophiolite was then obducted in essentially the same way as described 

above for Oman. However, there are no known modern analogues for this 

asymmetrical ridge-collapse process (Bloomer et al. 1995; Stern and Bloomer 1992; 

Robertson 2004). 

1.3.3 Strike-slip-related emplacement 

The Upper Cretaceous (Maastrichtian) Tekirova ophiolite in the southwest 

segment of the Antalya Complex (southwest Turkey) and related mélange units are 

exposed within lozenge-shaped outcrops separated by high-angle strike-slip faults 

(Juteau 1979, 1980; Woodcock and Robertson 1985; see Figure 1.5Error! 

Reference source not found.). The metamorphic sole of the ophiolite is only locally 

exposed (celik and Delaloye 2003) and the sediment stratigraphy of the adjacent 

carbonate platform, against which the Cretaceous Tekirova ophiolite is juxtaposed, 

does not exhibit evidence for subsidence during latest Cretaceous time when the 

ophiolite was being emplaced (Robertson 2004). 
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Few other examples of strike-slip settings have yet been recognised both 

regionally and globally. 

13.4 Non-tectonically emplaced ophiolites 

Ophiolites of the Inner Hellenide Ophiolite Belt (e.g. Guevgueli and related 

ophiolites; Figure 1.6) exhibit contact metamorphism against adjacent basement units 

that are correlative with Serbo-Macedonian continental crust. These ophiolites are 

interpreted to have formed within a narrow backarc basin formed within the rifled 

continental margin (i.e. an ensialic backarc basin). These ophiolites were deformed 

and uplifted without undergoing tectonic transport across the opposing lithospheric 

plate; they are preserved as parautochtonous tectonostratigraphic units. This type of 

ophiolite has been contrasted with the 'Oman' case by several workers (e.g. 

Robertson 2002; Spaggari et al. 2003; Dilek 2003; Beccaluva 2004). 

1.3.5 Ophiolite emplacement along active margins in the Eastern 

Mediterranean 

The term 'Cordilleran-type ophiolite' has been applied to ophiolites emplaced 

along Pacific-type active continental margins (e.g. Jurassic Californian ophiolites; 

Moores 1982). The term has also been used for ophiolites with MORB-type 

geochemical characteristics accreted to active margins from the down-going slab 

(e.g. Yakuno ophiolite, Japan; Osozawa et al. 2004), whereas the term 'Tethyan 

ophiolites' has been applied to ophiolites around the world that were emplaced over 

continental passive margins; exemplified by the Oman case (e.g. Spaggari et al. 

2003; Beccaluva et al. 2004). However, these are genetic terms and should be used 

with caution because the causes and means of ophiolite genesis and emplacement in 

many individual cases are still poorly understood. 

The 'Oman' model (Figure 1.4) has been commonly applied to ophiolites 

emplaced southwards over southerly passive margins of Tethyan oceanic basins 

(Robertson 2004). By contrast, within the Eastern Mediterranean region ophiolites 
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Figure 1.5. Map showing the geological setting of the Antalya Complex in southwest 

Turkey (after Robertson 2002). 

were also emplaced onto the opposite northern margins of Tethyan oceanic basins (as 

'Cordileran'-type ophiolites). These northern margins generally record a long-term 

history of subduction-related and accretionary processes (Adamia et at. 1981; 

Robertson and Dixon 1984; Dercourt et al. 1986). Ophiolites were emplaced 

northward in the Pontides during Late Palaeozoic-Early Mesozoic time (e.g. KUre 
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Bergougnan 1975; Sengor and Yilmaz 1981; Ustaömer and Robertson 1997; Okay 

and Sahinturk 1997; Yilmaz et al. 1997; and this study). The Upper Cretaceous 

ophiolites in the Pontides are important in this project because their characteristics 

are informative of past tectonic settings and processes and these are discussed below. 

Ophiolites were also emplaced onto the northerly active margin of a south Tethyan 

ocean basin and are exposed in southeastern Turkey. These examples are described 

briefly below. 

Ophiolites in southeast Turkey were emplaced in latest Cretaceous time along 

the northern margin of a south Neotethyan ocean basin which is generally believed to 

have been subducted northwards (Hall 1976; Akta§ and Robertson 1984; Yilmaz 

1993). Examples include the Guleman, Bent and Ispendere ophiolites (Figure 1.3). 

Their mode of emplacement remains poorly understood (Parlak et al. 2001; 

Robertson 2004). These ophiolites probably formed by SSZ spreading within 

southern Neotethys and were accreted to the Tauride active margin to the north. it is 

unclear what caused their obduction in an active margin setting. Due to the presence 

of arc-related plutonic rocks in the Taurides it is possible that two north-dipping 

subduction zones existed in southern Neotethys. The ophiolites are cut by arc-related 
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igneous rocks possibly related to northward subduction of the remaining south 

Neotethyan oceanic lithosphere (Robertson 1998). 

Palaeotethyan (pe-Late Jurassic) ophiolites can also be considered to have 

been emplaced in an active margin seting (Robertson and Dixon 1984; Ustaömer and 

Robertson 1997; Okay and Sahinturk 1997). One model considers that ophiolite 

emplacement in the Pontides occurred in relation to northward subduction of 

Palaeotethys beneath the tectonically and magmatically active Laurasian margin 

during Late Palaeozoic-Early Mesozoic time (Adamia et al. 1977; Robertson and 

Dixon 1984; Dercourt et al. 1986, 1993), i.e. an active margin, or Cordilleran-type 

setting. In this model the Laurasian margin experienced terrane displacement, 

subduction-accretion, backarc basin formation and arc genesis comparable to the 
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southwest Pacific region (Ustaömer and Robertson 1997). The dismembered 

ophiolites (e.g. Küre Complex) were interpreted as forming in a backarc basin, which 

closed by Mid-Jurassic time. Other Upper Palaeozoic-Early Mesozoic igneous units, 

located slightly further south were interpreted as an emplaced volcanic arc 

(cangalda unit) and accreted seamounts (Figures 1.8 and 1.10; Ustaömer 1993; 

Ustaömer and Robertson 1997, 1999). The model for their emplacement involved 

localised collisions of small continental fragments (e.g. Kargi Complex) with the 

subduction trench in the Early Triassic. In this model, with continued convergence 

the backarc basin began to close by north-directed thrusting which emplaced arc and 

backarc units onto the Laurasian margin as an accretionary prism related to 

southward subduction of the Kure marginal basin during the Late Jurassic (Ustaömer 

and Robertson 1997). The emplacement process was associated with a reversal of 

subduction polarity (ibid.). In this model closure of the KUre marginal basin by 

accretion of the arc and the continental fragment (Kargi Complex) to the Laurasian 

margin occurred during the Cimmerian orogenic event (Ustaömer and Robertson 

1997). 
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Figure 1.8. Simplified geological map of the northern Central Pontides, showing the 

main tectonic units (modified after Tuysüz 1990; Ustaömer and Robertson 1997). 
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By contrast, another model envisaged that the pre-Jurassic north Tethyan 

margin was a south-facing passive margin (Dewey et al. 1973; $engor et al. 1980; 

1984). In this model (Figure 1.9) Palaeotethys was subducted southward beneath the 

active southern (Gondwanan) Tethyan margin. An elongate microcontinent rifted 

away from the Gondwanan active margin and moved northwards with the trench, 

completely consuming Palaeotethys and eventually colliding with the northern 

passive margin in the Late Jurassic during the Cimmerian orogeny ($engOr et al. 

1984). The root-zone of these ophiolites was a Palaeotethyan suture located in the 

Pontides north of the Izmir-Ankara-Erzincan Suture Zone and north of the 

Cimmerian continent. In this model the Cimmerian orogeny was a result of 

continent-continent collision and ophiolites were emplaced northward over a passive 

north Tethyan (Laurasian) margin in the same fashion as Oman. 

In addition, the Upper Cretaceous ophiolites of the Pontides, and associated 

units, were emplaced onto the northern margin of Neotethys and are the main subject 

of this thesis, as outlined further below. 

1.4 Geological background 

It is first necessary to summarise what has been established from previous 

research in the Pontides. 

The Pontides are a mountain range along the Black Sea coast of Turkey 

reaching altitudes of >3000 m in the east (Figures 1.1 and 1.2). During the Mesozoic 

the Pontides formed part of the Eurasian continental margin (Sengor and Yilmaz 

1981; Robertson and Dixon 1984). The Upper Cretaceous Izmir-Ankara-Erzincan 

Suture Zone is located along the southern edge of the Pontides and separates 

Gondwana-derived (i.e. Tauride-Anatolide) blocks to the south from basement of 

Eurasian origin in the Pontides to the north (Figures 1.1 and 1.2; Bergougnan 1975; 

$engor and Yilmaz 1981). The suture zone records the closure history of a northerly 
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Figure 1.10. Sequential block-diagrams (a-h) showing the pre-Late Jurassic tectonic 

evolution of the Eurasian margin in the Central Ponticles (after Ustaömcr and 

Robertson 1997). 

strand of the Tethys ocean (Northern Neotethys; $engor and Yilmaz 1981; Robertson 

and Dixon 1984; Dercourt et al. 1986; Okay et al. 2001). This suture zone is well 

exposed as a dominantly south-vergent thrust belt, '-40 km wide, of mainly ophiolitic 

rocks and mélange running across northern Anatolia (Yilmaz et al. 1997; Okay 

1999). In the north of the suture zone, Upper Cretaceous units of the Izmir-Ankara-

Erzincan Suture Zone are tectonically imbricated with Eurasian metamorphic 

basement rocks (i.e. Karakaya Complex and related units), whereas in the south these 

same units structurally overlie the southern margin of the Northern Neotethys, 

represented by the Tauride-Anatolide Platform (i.e. the Munzur Platform in the 

Eastern Pontides and the Kirehir Massif in Central Anatolia; Figures, 1.1 and 1.2; 

Bergougnan 1975; Yilmaz 1985; Kocyigit 1990; Tuysuz 1988, 1990). 



1.4.1 The Pontides 

The Pontides are traditionally divided into three major tectonic zones (Figure 

1.11). The Sakarya zone (present study), the Istanbul-Zonguldak zone and, the 

Strandja zone ($engor and Yilmaz 1981; Okay and SahintUrk 1997; Topuz et. al. 

2004). The Sakarya zone borders the Izmir-Ankara-Erzincan Suture Zone along the 

southern part of the Pontides (Figure 1.11). Three types of metamorphic basement 

have been distinguished within the Sakarya zone (predating the Mesozoic units 

studied in this thesis): (1) High-T, low- to medium-P units of Carboniferous age 

intruded by granitoids, (2) low-T medium- to high-P Permo-Triassic rocks, and (3) 

non-metamorphic Carboniferous-Permian age sedimentary rocks (Topuz et. al. 

2004). The Carboniferous high temperature low-medium pressure units comprise 

schists, gneisses, migmatites, amphibolites and marbles and crop out in both the 

Western and Eastern Pontides (Okay and Sahinturk 1997; Yilmaz et. al. 1997; Topuz 

et. al. 2004). Geochronological data from the granitoids that intrude these rocks yield 

a wide variety of ages and need to be considered with caution because of the lack of 

complete Sr homogenisation during granitoid genesis and the ubiquitous presence of 

inherited zircon domains (Topuz et. al. 2004). However, Late Carboniferous ages 

have been published for the high temperature low- to medium pressure metamorphic 

event (Topuz et. al. 2004). Low temperature-medium pressure and low temperature 

high pressure metamorphic rocks occur in several areas in the Western, Central and 

Eastern parts of the Sakarya zone (Topuz et al. 2004). These include the Karakaya 

Complex, which represents a tectonic mélange comprising slices of greenschists, 

phyllites, marbles (Nilüfer unit), LT-HP eclogites and blueschists, pelagic 

sedimentary rocks (e.g. Triassic radiolarites), Permian limestone blocks and mafic 

volcanics (Pickett and Robertson 1995, 2005; Yilmaz et. al. 1997; Okay and 

Sahinturk 1997). Blueschists and eclogites from this unit have yielded 40Ar/39Ar mica 

ages of 215-203 Ma (Okay and Monié 1997). This mélange is interpreted as a 

Triassic subduction-accretion complex related to northward subduction of 

Palaeotethys (e.g. Pickett and Robertson 1996) and is overlain transgressively by 

Liassic volcanic and sedimentary rocks (Rojay 1995; Robinson 1995; Yilmaz et al. 

1997; Okay and Sahinturk 1997). 
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The overlying Upper Jurassic-Lower Cretaceous succession begins with 

fluvial clastic sedimentary rocks and passes upwards into shallow marine platform 

carbonate rocks which record the development of an inferred south-facing passive 

margin in Early Jurassic-Early Cretaceous times (Sengor and Yilmaz 1981; Tuysuz 

1990; Yilmaz et at 1997; Ustaomer and Robertson 1997). In the Central Pontides the 

succession passes upwards into Upper Cretaceous deep-water volcaniclastic 

sedimentary rocks belonging to the Kastamonu-Boyabat Basin and the Karadag Unit 

(Figure 1.8), which were deposited within extensional half-grabens (Ustaömer and 

Robertson 1997). No source for the volcaniclastic material is exposed in the Central 

Pontides and it is likely that the sedimentary rocks were derived from the Upper 

Cretaceous magmatic arc located to the southeast of Sinop in the Eastern Pontides 

(Figures 1.8 and 1.11; Ustaömer and Robertson 1997). The lack of Upper Cretaceous 

arc-related volcanic and plutonic rocks seen in the Central Pontides could indicate a 

'volcanic gap' along the Eurasian active margin, possibly caused by oblique 
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subduction of the Neotethyan lithosphere beneath a geometrically irregular Eurasian 

margin (Ustaomer and Robertson 1997; see discussion chapter 6). 

In contrast, the northern zone of the Eastern Pontides exhibits a thick Late 

Cretaceous arc related volcaniclastic succession and associated calk-alkaline granitic 

plutons (Sengor and Yilmaz 1981; Robinson et al. 1995; Yilmaz et at. 1997). The 

Eastern Pontide magmatic arc is generally interpreted as a continental margin 

volcanic arc formed above a northward subducting slab of Neotethyan lithosphere 

(Sengor and Yilmaz 1981; Robertson 2004). Granitic plutons from the Eastern 

Pontides have yielded radiometric ages of 89.3-65.5 Ma (Senonian) and associated 

volcaniclastic rocks are interbedded with fossiliferous sedimentary rocks of 

Santonian-Coniacian age (Yilmaz et al. 2003; Taner 1977). In an alternative 

interpretation Neotethys was subducted southwards beneath the Eastern Pontides 

(Bekta 1999). Further south, near Erzincan (Figures 1.2 and 2.2), the metamorphic 

basement of the Pontides comprises the Pulur Complex, interpreted as a 

Palaeotethyan accretionary complex associated with the continuous subduction of 

Tethys from Permian to Late Triassic (Topuz et al. 2004). The Pulur Complex is 

transgressively overlain by Liassic conglomerates (Figure 1.12). The units discussed 

in this thesis belong to the southerly Sakarya Zone in the Central and Eastern 

Pontides. 

1.4.2 The Tauride-Anatolide Platform (Kirehir Block and Munzur 

Platform) 

The Tauride-Anatolide Platform is located south of the Izmir-Ankara-

Erzincan Suture Zone and represents the southern margin of Neotethys (Figure 1.2; 

Bergougnan 1975; SengOr and Yilmaz 1981; Okay 1999). In contrast to the Pontides 

the Tauride-Anatolide Platform shows a similar Palaeozoic stratigraphy to the 

Arabian Platform and Gondwana (Dercourt et al. 1986). The Tauride-Anatolide 

Platform forms a post-Palaeocene south-vergent thrust stack (Okay 1999). In the 

Eastern Pontides, immediately south of the suture zone in the area studied here, the 

Munzur Mountains (the northeasterly extension of the Tauride belt) expose a 
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continuous succession of algal, stromatolitic and rudistic neritic limestones of Late 

Triassic—Late Cretaceous age (Munzur Dagi Formation; Figure 1.13; Ozgul and 
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Figure 1.12. Tectonostratigraphy of the Pontides near Erzincan (after Okay and 

Sahinturk 1997). 

Tuucu 1984). The Upper Triassic-Upper Cretaceous succession of the Taurides and 

the Munzur Mountains is interpreted as a stable carbonate platform and is underlain 

by a schistose metamorphic basement (Yoncayolu Formation; OzgUl and Turucu 

1984). The top of the succession exhibits a transition to deep-water facies of 

Turonian-Maastrichtian age and is tectonically overlain by ophiolites and ophiolitic 

mélange emplaced from the north. The platform subsided ahead of the advancing 
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ophiolitic nappes during Late Campanian-Early Maastrichtian times (Kurtman 1961; 

Ozgul and Turucu 1984). 

In Central Anatolia the south-Tethyan margin is represented by the 

Kirehir/Nigde massifs (or Central Anatolian Crystalline Complex; Figures 1.2 and 

1.11; Sengor and Yilmaz 1981). These massifs comprise high-temperature/medium-

to low-pressure greenschist to granulite facies metamorphic rocks including gneiss, 

migmatite, mica schist and metaquartzite (Seymen 1981; Floyd et al. 1998; Okay 

1999). The age of metamorphism is constrained as Late Cretaceous (75-80 Ma; 

Goncuoglu 1986; Whitney and Hamilton 2004). The metamorphic rocks are cut by 

Upper Cretaceous calc-alkali monzogranites (Rb-Sr age 71+1 Ma; Ataman 1972; 

Okay 1999). Maastrichtian-Palaeocene shallow-marine sedimentary rocks 

transgressively overlie both the metamorphic rocks and the dismembered ophiolite 

(Görür et al. 1984). Dismembered ophiolites (Central Anatolian ophiolite complex) 

were therefore emplaced southwards from the Izmir-Ankara-Erzincan Suture Zone 

during Maastrichtian time (Robertson 2002). 

The Kirehir/Nigde massifs may represent a continental promontory of the 

Tauride/Anatolide continent (Yahniz et al. 1996). In an alternative model the massifs 

are interpreted as a microcontinent within Neotethys (Yilmaz et al. 1997; Clark and 

Robertson 2002). A southerly Neotethyan ocean basin (Inner-Tauride Ocean) could 

have separated the Kirehir/Nide massifs from the Taurides (Andrew and Robertson 

2002). 

1.4.3 The Izmir-Ankara-Erzincan Suture Zone 

The Izmir-Ankara-Erzincan Suture Zone, the subject of this thesis, forms a 

south-vergent imbricate thrust stack which separates Gondwana-derived blocks from 

Eurasian continental basement of the Pontides (Bergougnan 1975; Robertson and 

Dixon 1984; TUysUz 1990; Kocyigit 1991; Yilmaz et al. 1997). Upper Cretaceous 

units within the suture zone exhibit thrust faults, folds and pervasive shear fabrics 

that locally indicate a north-vergent deformational episode (Begougnan 1975; Rojay 

1995; Ustaömer and Robertson 1997). However, confusion persists as to the relative 

timing and cause of this north-vergent deformational event. In the Central Pontides 
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Upper Cretaceous rocks of the suture zone are thrust southward and eastward over 

Tertiary units (e.g. cankiri Basin; Figure 1.14; TUysuz 1995). Palaeozoic and Lower 

Mesozoic metamorphic rocks of the Pontides are in turn thrust southwards over the 

Upper Cretaceous Izmir-Ankara-Erzincan Suture Zone (Yilmaz et al. 1997). Thus, in 

general older rocks are exposed at structurally higher levels across the suture zone 

from south to north. In the Eastern Pontides the Upper Cretaceous Izmir-Ankara-

Erzincan Suture Zone is thrust southward over the Tertiary sedimentary and volcanic 

fill of the Sivas Basin and, are also thrust directly over the Triassic-Cretaceous 

Munzur Dagi Formation of the Tauride Anatolide Platform (Bergougnan 1975; 

Ozgul and Turucu 1984). 

Early studies did not attempt to distinguish individual units within the Izmir-

Ankara-Erzincan Suture Zone (e.g. Bergougnan 1975). Yilmaz et al. (1997) 

described the suture zone as an ophiolite belt consisting of an ophiolitic association 

and a mélange association in thrust contact with the metamorphic basement rocks of 

the Pontides. The mélange was described as being composed mainly of blocks of red 

micritic limestones, black shales, ophiolitic fragments and metamorphic rocks, 

exposed as a series of north-dipping thrust slices (Yilmaz et al. 1997). In the Central 

Pontides outcrops of mélange exhibit a distinctive sedimentary succession above 

their unconformable southern contacts, while the northern contacts are south-vergent 

thrust faults (Ustaömer and Robertson 1997). The base of the mélange in the Central 

Pontides exhibits an internally ordered succession of pelagic limestone and shale 

containing pelagic Globotruncana microfossils that indicate a Campanian age 

(Yilmaz and Tuysuz 1984; Tuysuz et al. 1988; see chapter 5). In each thrust slice the 

pelagic and ophiolitic blocks increase in abundance towards the top (Yilmaz et al. 

1997). The amount of pelagic and ophiolitic material and the thickness of the slices 

of mélange increase toward the south suggesting that mélange accretion began in a 

pelagic environment to the south and advanced northward toward the Eurasian 

continental margin (Yilmaz et al. 1997). TuysUz et al. 
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the Eastern Pontides after Ozgul and Turucu (1984). 
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Erzincan Suture Zone around the çankiri Basin (after Tuysuz 1995). 

(1995) postulated the existence of two separate mélange belts that formed along two 

different subduction zones. This idea is supported by the interpretation of various 

units identified within the suture zone which are described below (i.e. oceanic 

volcanic arc (TUysuz 1995), forearc basins (Kocyigit 1988, 1991; Rojay 1995). 
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A volcanic unit (Yaylacayi Formation) was identified within the suture zone 

in the Central Pontides (Yolda 1982) and was interpreted as an intraoceanic 

volcanic arc (Tuysuz et al. 1995). This was based on the observation of an ophiolitic 

basement to the volcanic succession, the absence of terrigenous material the 

intercalation of pelagic limestone and the geochemistry of the basalts (Tuysuz et al. 

1995). Another volcanic unit identified in the Central Pontides was also interpreted 

as an oceanic volcanic arc and this is located further to the north (Kodag arc; 

Tuysuz 1990). Yet another volcanic arc was inferred on the basis of geochemical 

data for the Upper Cretaceous part of the Galatean Volcanic Province (isotopic age = 

76+2.4 Ma) located northwest of the suture zone in the Central Pontides (Kocyigit et 

al. 2003). In contrast to the allochthonous arc units within the Izmir-Ankara-Erzincan 

Suture Zone, these rocks also crop-out north of the suture zone and are relatively 

autochthonous. No Upper Cretaceous volcanic arc is present upon the continental 

margin in the Central Pontides further north (Ustaömer and Robertson 1997). 

A thick succession of distal turbidites of Late Cretaceous-Mid Eocene age 

was recognised within the suture zone in central Anatolia near Ankara (Haymana 

Basin; Unalan 1976), lying unconformably above the ophiolitic mélange (Kocyigit 

1988). The Haymana Basin is interpreted as a forearc basin (Görur et al. 1984; 

Kocyigit 1988, 1991). Thick sedimentary successions of Mid-Campanian to 

Maastrichtian age were identified within the suture zone further west near Tokat and 

Amasya (Rojay 1995). These successions lie unconformably upon the mélange, 

contain both volcaniclastic and terrigenous material and are therefore interpreted as 

forearc basins related to the volcanic arc, which was contemporaneously built upon 

the Pontide continental margin further to the northeast (Rojay 1995). However, as 

mentioned above, continental arc units are not exposed n the Central Pontides, which 

complicates the simple forearc basin model. 

In the Eastern Pontides the northern part of the suture zone contains an 

extensive ophiolitic thrust sheet, composed dominantly of peridotite (serpentinised 

harzburgite; Bergougnan 1975; Yilmaz 1985). The ophiolite was named the Refahiye 

Complex by Yilmaz (1985). No age data are published for the ophiolite in the 

Eastern Pontides. Bergougnan described screens of metamorphic host rock within the 

intrusive diabase dyke complex of the Refahiye Complex near Erzincan. In the 
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Central Pontides smaller, discontinuous outcrops of ophiolite slices (-10 km long) 

are imbricated with other Upper Cretaceous units of the suture zone and older 

basement rocks of the Pontides (Yilmaz et al. 1997). A Campanian-Maastrichtian age 

for the ophiolite in the central Pontides is inferred from associated Globotruncana-

bearing sedimentary rocks (Tuysuz 1990). 

No volcanic arc units have previously been described from within the suture 

zone in the Eastern Pontides. The tectonic setting of the Easern Pontide units has 

been determined for the first time during this study. 

1.4.4 Cover rocks 

In the Eastern Pontides a varied Palaeocene-Early Eocene sedimentary 

succession that includes Nummulitic and rudist limestones, sandstones and 

conglomerates unconformably overlies the Upper Cretaceous mélange and ophiolitic 

units of the Izmir-Ankara-Erzincan Suture Zone (Sipikor Formation; Bergougnan 

1975; Yilmaz 1985; Kocyiit 1990; Aktimur et al. 1995; Okay and $ahinturk 1997). 

TUysuz (1990) suggested that closure of Neotethys is constrained to pre-Lutetian 

(48.6-40.4 Ma) by the observation of a sedimentary and volcanic succession of 

Lutetian age that unconformably overlies all of the units within the suture zone in the 

Central Pontides. 

The Upper Cretaceous units of the Izmir-Ankara-Erzincan Suture Zone are 

unconformably overlain by sedimentary rocks of Tertiary basins; i.e. the cankiri 

Basin (Figure 1.14) and Galatean Volcanic Province in the Central Pontides and, the 

Sivas Basin in the Eastern Pontides (Erol 1954; GörUr et al. 1984). Development of 

these basins has been related to the late-stages of closure of Neotethys (Erol 1954; 

Görur et al. 1984; ciner et al 2002). 
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relation to the Izmir-Ankara-Erzincan Suture Zone (modified after Tuysüz 1993). 

1.5 Alternative models for Upper Cretaceous ophiolites in the Pontides 

Several authors have recognised that ophiolites were emplaced in the 

Pontides during Late Cretaceous-Early Tertiary time and alternative tectonic 

scenarios have been proposed (Bergougnan 1975; Yilmaz 1985; Kocyigit 1990; 

Tuysuz 1990; Okay and Sahinturk 1997; Yilmaz et al. 1997; Ustaömer and Robertson 

1997). However, information on the age, structure and geochemistry of these units 

has remained sparse, necessitating the present study. 

Early models for the tectonic development of the Eastern Pontides saw the 

ophiolites as slices of Neotethyan lithosphere that were scraped off from the 

subducting slab and accreted during Late Cretaceous-Palaeocene time (Bergougnan 

1975; Yilmaz 1985). In these models Neotethys was consumed beneath the Eurasian 

margin by north-dipping subduction (Figure 1.1 6a). In addition, Bergougnan (1975) 
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recognised the importance of top-to-the-north thrusting of the ophiolite that occurred 

during Late Cretaceous time. This was explained by backthrusting of an associated 

accretionary complex during collision of the Taurides (Munzur Platform) with 

Eurasia (Pontides). This model would predict that the ophiolites were of mid-ocean 

ridge- (MOR) type. 

North-dipping subduction beneath the Pontides is included in most models to 

account for thick caic-alkaline basaltic, andesitic and dacitic volcanic succession and 

associated large subduction-related granitic plutons of Late Cretaceous age that are 

located in the northern part of the Eastern Pontides (-400 km north of the Izmir-

Ankara-Erzincan Suture Zone). However, as mentioned above in the Central 

Pontides (West of Sinop) there is no equivalent volcanic arc north of the suture zone. 

However, a volcanic arc unit of Late Cretaceous age was identified further south in 

the Central Pontides, within the suture zone (the Kodag arc; TuysUz 1990). This unit 

was interpreted as an intraoceanic volcanic arc formed on an ophiolitic basement of 

Late Cretaceous (Campanian-Maastrichtian; 83.5-65.5 Ma) age. A model was 

proposed in which the Eurasian margin was an Atlantic-type passive margin until a 

magmatic arc developed during Turonian-Coniacian time (93.5-85.8 Ma) in response 

to northward subduction of Neotethys (Figure 1. 16b; Sengor and Yilmaz 1981; 

TUysUz 1990). Later, an intraoceanic magmatic arc developed further south, within 

Neotethys, during Campanian-Maastrichtian time (TUysuz 1990, 1995). An 

accretionary complex grew and arc volcanism continued until the Late Maastrichtian 

when the intraoceanic arc, accretionary complex, and ophiolites were thrust-

imbricated with the metamorphic basement of the Pontides (TUysUz 1990, 1995). In 

this model, the northward emplacement of ophiolite and mélange occurred during 

Late Cretaceous-Early Palaeocene time due to backthrusting associated with growth 

of an accretionary prism (Tuysuz 1990, 1995). The deformed units are 

unconformably overlain by Mid Eocene (Lutetian; 48.6-40.4 Ma) limestones (Tuystiz 

1990). In summary, this model involves two Late Cretaceous subduction zones; one 

formed adjacent to the Eurasian margin, and one further south within Neotethys 

above which a volcanic arc developed. The polarity of subduction beneath the 

intraoceanic arc was not included in the early model (Figure 1.1 6b). A later model 

suggested two contemporaneous north-dipping subduction zones. Emplacement 
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occurred during Late Cretaceous-Palaeocene time due to backthrusting (Tuysuz 

1995). 

In another model north-dipping subduction of Neotethys beneath the Eurasian 

margin was initiated during the Cenomanian-Campanian interval (93.5-83.5; Rojay 

1995; Robinson 1995) and a thick forearc succession (identified in the Tokat and 

Haymana areas overlying the North Anatolian Ophiolitic Mélange) developed upon 

the accretionary complex adjacent to the contintinental margin (Kocyigit 1991; 

Rojay 1995, 2001; Kocyigit etal. 2003). In this model a single volcanic arc 

developed on the continental margin and there was only one north-dipping 

subduction zone (Figure 1.16a), ophiolitic mélange was emplaced then southward 

over the southern Tethyan margin (Kirehir Block) during collision in Eocene-Late 

Miocene times (55.8-5.33 Ma; Kocyiit 1991; Rojay 1995, 2001; Kocyigit etal. 

2003). Northward emplacement was related to backthrusting which, in this model, 

occurred later than Lutetian time (40.4 Ma; Rojay 1995). 

Okay and Sahinturk (1997) also recognised northwards emplacement of 

ophiolites had occurred in the Pontides and placed this deformational event in the 

Cenomanian (99.6-93.5 Ma). In Okay and Sahinturk's model Neotethys was 

subducted southwards at an intraoceanic subduction zone initiated during the Early 

Cretaceous (Figure 1.16c; Neocomian; 145.5-130 Ma). During this time the Pontides 

were part of an Atlantic-type passive margin (Sengor and Yilmaz 1981). Collision of 

the trench with that passive margin in Cenomanian time led to the northward 

emplacement of the ophiolites (Okay and Sahinturk 1997) in essentially the same 

way as the Semail ophiolite was emplaced in Oman (Figure 1.4). This was 

immediately followed by a reversal of subduction direction and the Pontides became 

magmatically active during the Late Cretaceous (Figure 1.16; Senonian; 89.3-65.5 

Ma) as evidenced by isotopic ages of granitic plutons in the north of the Pontides 

(Okay and 5ahinturk 1997). In this model the Late Cretaceous (Neotethyan) 

ophiolites in the Pontides are of'Tethyan' type (1.3.1). 

Bekta (1999) proposed a model for the Eastern Pontides in which arc 

volcanism migrated southwards above a south-dipping subduction zone during the 

Late Cretaceous (Senonian; 89.3-65.5 Ma). In this model, the Pontides represent the 
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Figure 1.16. Previous tectonic models for the Late Cretaceous-Early Tertiary tectonic 

assembly of the suture zone in the Pontides; a) single northward-dipping subduction 

zone (Sengor and Yilmaz 1981); b) two northward-dipping subduction zones (polarity 

of oceanic arc not specified (Tüysüz 1990)); c) southward-dipping subduction zone, 

followed by reversal of subduction direction (Okay and ahintürk 1997); d) single 

northward-dipping subduction zone with genesis and emplacement of a marginal basin 

(timing not specified (Ustaömer and Robertson 1997). See text for discussion. 

northern active margin of Gondwana which migrated northwards and the SSZ 

ophiolites of the Pontides were formed in the backarc region (Bekta 1999). 

Kocyigit et al. (2003) suggested southward migration of the volcanic arc in 

the Central Pontides based on geochemical evidence that supports a backarc setting 
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for the Campanian SarackOy Volcanic Suite (part of the Galatean Volcanic Provence 

located northwest of the main suture zone in the Central Pontides and which yields a 

K-Ar isotopic age 76±2.4 Ma; Kocyigit et al. 2003). The chemical composition of 

these trachyandesites is consistent with slab rollback (Kocyigit et al. 2003). This 

model favours northward subduction of Neotethys along a single subduction zone 

adjacent to the continental margin but which retreated southwards during Campanian 

time creating abackarc basin (Kocyigit 1991; Rojay 1995; Kocyigit et al. 2003). 

Collision occurred in post-Lutetian time (<40.4 Ma). This model explains the 

northwards emplacement of ophiolites in the Pontides in terms of backthrusting of an 

overgrown accretionary prism. The northward emplacement occurred during post 

Lutetian time (<40.4 Ma; Rojay 1995). 

Ustaömer and Robertson (1997) suggested that northward intraoceanic 

subduction during the Early Cretaceous led to the development of an intraoceanic 

volcanic arc (Kosdag arc) in the central Pontides (Figure 1.1 6d). The marginal basin 

between the arc and the Eurasian margin to the north (Pontides) was formed either 

from trapped Neotethyan lithosphere or newly created suprasubduction zone 

lithosphere which closed southward beneath the arc during regional compression in 

Campanian-Maastrichtian time (83.5-65.5 Ma; Ustaomer and Robertson 1997). This 

compression resulted in the northward emplacement of ophiolites in the Central 

Pontides prior to collision with the Anatolides and final closure of Neotethys during 

the Eocene (engor and Yilmaz 1981; Ustaömer and Robertson 1997). This model 

suggests that emplacement of ophiolites was an accretionary orogenic process 

because it pre-dates continental collision. 

In summary, uncetainty persists regarding the direction and timing of 

subduction of Neotethyan lithosphere, the origin and mechanism of emplacement of 

ophiolites in the Pontides, and the timing of the final closure of northern Neotethys. 

The various models described above indicate a variety of different possible settings 

of ophiolite genesis and means of emplacement including; ophiolites formed at a 

Neotethyan mid-oceanic spreading centre and emplaced by off-scraping, accretion or 

backthrusting of an over-steepened accretionary wedge (Bergougnan 1975; Yilmaz 

1985, 1997); ophiolites formed in a forearc, backarc or embryonic arc setting 

emplaced by trench-margin collision (Okay and Sahinturk 1997; Kocyigit 1990, 
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Figure 1.17.. Sequential sections showing a model for post-Late Jurassic tectonic 

evolution of the Izmir-Ankara-Erzincan Suture Zone and emplacement of Upper 

Cretaceous ophiolites in the Pontides after Ustaömer and Robertson (1997). Note: 

ophiolite emplacement in this model was associated with southwards closure of the 

marginal basin during Campanian-Maastrichtian time, before the arrival of the 

Anatolides at the trench. 

1991; Tuysuz 1990, 1995); ophiolites formed in forearc, backarc or embryonic arc 

settings emplaced during a subduction polarity reversal (Okay and Sahinturk 1997) 

or as parautochthonous 'cordilleran' ophiolites during a regional compression of the 

Eurasian active margin before collision occurred (Ustaömer and Robertson 1997). 

The models proposed include southward- (Bekta 1999) or northward- (Rojay 1995) 

dipping subduction at a single trench and a continental margin volcanic arc; double 

subduction beneath a continental volcanic arc and an intraoceanic arc (Tuysüz 1990); 

subduction northwards beneath a single intraoceanic arc with no continental margin 

arc in the Central Pontides (Ustaömer and Robertson 1997); southwards intraoceanic 
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subduction followed by northwards subduction at the continental margin (Okay and 

$ahinturk 1997). 

Published ages for the development of the accretionary mélange (Karayaprak 

and Kirazbai Mélange, commonly referred to as North Anatolian Ophiolitic 

Mélange; NAOM) range from Carboniferous (Kocyigit 1990; Yilmaz 1985) to 

Eocene (Aktimur et al. 1995). Timing of the emplacement-related north-vergent 

deformation in the Pontides ranges from Senonian (Okay and $ahinturk 1997) to 

post-Mid Eocene (Rojay 1995) in the published literature. Estimates of the timing of 

final closure of Neotethys ranges from Senonian (Okay and Sahinturk 1997) to 

Oligocene (Robinson et al. 1995; Kocyigit et al. 1999). 

This study provides critical data from the Eastern and Central Pontides in 

order to better understand the tectonic development of the Izmir-Ankara-Erzincan 

Suture Zone by testing the alternative models (section 6.3). The results of this study 

highlight the role of a volcanic arc during the early stages of collision. 

Some of the key questions which this project therefore addresses are: 

What was the tectonic setting offormation of the Neotethyan ophiolites in the 

Pontides? 

What was the timing of the genesis and emplacement of ophiolitic and volcanic arc 

units? 

How was ophiolite genesis and emplacement related to the volcanic arc? 

What was the direction of subduction of Neotethys? How many subduction zones 

were involved? 

When did northern Neotethys finally close? 

Were ophiolites emplaced before or during collision and how were they emplaced 

(Cordilleran v. Tethyan type models)? 

Was ophiolite emplacement in this case controlled by local or global factors? 
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1.6 Logistical aspects 

Two areas of the Izmir-Ankara-Erzincan Suture Zone were studied in four 

fieldtrips during the course of this project. In the first fieldtrip, made during 

September 2001, the author met with the project supervisor (Prof. Alastair 

Robertson), Prof. Timur Ustaömer and field assistant Ozge Karlioglu in Erzincan, 

northeastern Turkey. During this reconnaissance trip the stratigraphy and structure of 

the area were assessed and samples were collected for biostratigraphic and 

geochemical analysis. The weather was good and the trip was relatively problem-

free. However, from the reonaissance visit it did not at first appear that any volcanic 

arc unit was present within the Izmir-Ankara-Erzincan Suture Zone in the Eastern 

Pontides. Following presentation of the initial results to the school's postgraduate 

committee in April 2002 it was decided that a hypothesis-testing approach was 

needed. Therefore, the second fieldtrip, made in May 2002, was restricted to the 

Central Pontides area, where two volcanic arc units had been mapped previously 

(Tuysuz 1990, 1995). Our intention was to follow up the first-year's recconnaisance 

fieldtrip in the east by also re-visiting the Erzincan area in order to compare the two 

areas. The fieldwork in the Central Pontides did not go smoothly due to difficulties in 

obtaining satisfactory permission from national, military and local authorities to 

undertake research in the area. However, a substantial amount of data was collected 

from the Central Pontides in spring 2002 and a short visit was made to the Eastern 

Pontides in October of that year. Further data was needed, particularly from the 

Eastern Pontides and so a final trip was made in 2003 focusing on the Erzincan area. 
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1.6 Methods 

This is amultidisciplinary study in which various types of data (e.g. structural, 

stratigraphic, geochemical, palaeontological, petrographic, sedimentological) are 

combined in order to establish the tectonic evolution of the areas using a 'tectonic 

facies' approach. A definition of tectonic facies is given by Robertson (1994) as: 

"A tectonic facies constitutes the combined lithological and structural features that 

allow systematic recognition of past tectonic settings within an orogenic belt (e.g. an 

oceanic seamount)." (Robertson 1994). 

Examples of tectonic facies are given in the following tables: 

Tectonic facies 	 Characteristics 	 Examples 

'Passive rifts' 	 Basin showing evidence of rifting. faulting 	Rifling of Neotethys in Late Permian Mid 

and subsidence, followed by Ilexurally con 	Triassic related to break-up of the northern 
(roiled uplift, then mugnialisni; typically ni- 	margin itt Gondwana prior to spreading from 

(-fled fault buy''  geometry. 	 rid-Triassic onwards. 
Examples include lonian a id PcI agonia n Zones. 
Greece, Antalya and Alanya units, siiiithwestei n 
Turkey. Development of early geaii tic! ties e.g. 
Hele,. Levant and I laerii, southeastern Iurkv 
suggest flexural uplift.  

"Active rifts" 	 Basin showing evidence of thermally con 
trolled uplift mantle plume and/or inote 
short-I veil tip ye I hog); typically marked by 
regional uncon forn,itv. then volcanism. ti 1-
lowcil by till related lault lug. 

Failed rifts laulacogcnsl 	Rift basins do not proceed to spri_-ailing 
stage, but fail and are intilled with tiilliiw-
tug UpWa dv sedinienlaty successions; these 
zones of crustal weakness are easily de 

termed during later tectonic instability. 

Intra plitlorni basins 	Pelagic and redeposited carbonates, tliucircd 
by volcanies/setlitnents of stretched conti-
nental basement (where exposed). I aing-
ranging successions normally remain above 
the CCD and show gravity input front her-
ilering carbonate platforms; May include 
condensed deposits on local volcanic highs. 

l)ulvi Zone,t of Serbia and Ilusrita. LatL-  Per-

sian basins of Crete 'Sicily; hiiniait futiie in 
recce a rid Atlrairii. 

tiuiiiin lone, tscstCrrr Urcee and Albania: 
within the lelagonian Zone in Argolis, I. reece: 
Archangelos Unit of Rhodes; Kiii lca Unit, 

southwestern Turkey çarnova Unit, southwest-
em Turkey. 

Table 1. Rift related tectonic facies, with examples from the Eastern Mediterranean 

Tethys (from Robertson 1994). 
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Tectonic fades 	 Characteristics 	 Examples  

MOR-type ophiolites, basal metalliferous 

sediments, tensional faulting exposing plu-

tonics, with ophicalcite in slow spreading, 

rifted ridges; overlying pelagic carbonates, 

then siliceous facics below CCD. 

Laterally Continuous blanket of deep-sea 

pelagic and hemipelagic sediments, de-

posited after subsidence below the CCD: 

siliceous in upwclling areas, may include 

inactive ridges, active ridges and/or within 

plate-type vlcanics. 

Fragments of continental crust, where pre-

served, overturn by smticmclastics and carbon-

ate platform units, showing only limited 

subsidence; bordered by a small passive 

margin passing laterally into oceanic crust. 

Thick piles of MORB/WFB-type basalls, 

locally overlamn by rapidly subsiding carbon-

ate platform units; pelagic carbonate/non-

calcareous sediment capping; marginal talus, 

partly within flexural moat. 

Western-type ophiolites, Albania; some Jurassic 

ophiolites in Croatia/Bosnia; Sipc'torrcma, 0th-

ris, Greece; Mtgdhalitsim, Argolis, Greece; 

Karakaya, northwestern Turkey. 

Upper thrust sheets of Pindos-Olonos imiippes, 

Western Greece; Various slices in accretionary 

complexes, both Palacotethyami and Neotcihyan. 

Palaeotet hyan Kargi anit, Central l5mmntidcs. 
Turkey; Nermlethyami Kerner units, Aimtalvm Corn 

pIes, southwestern Turkey; Olympus platform. 

central riorihcrmm Greece; t'uirnassu', platform. 
southern Greece. 

Palacotethyan Karakaya complex, northwestern 

Turkey and central Turkey; Neoleihyan Ankara 

Melange, Central Turkey; Avdclla Melange. 

northwestern Greece; l3esni unit, southwestern 

Turkey: Dhmarizos Op. southwestern Cyprus. 

Spreading ridge 

Abyssal plain 

Continental fragment 

Oceanic seamouni or 

oceanic plateau 

Table 2. Spreading ridge tectonic facies, with examples from the Eastern 

Mediterranean Tethys (after Robertson 1994). 

Tectonic facics 	 Characteristics 	 Examples 

Supi's-subduction zone 	Complete ophiolile, with hareburgitie de- 	Eastern-type ophiolites, Albania; Pindos and 

ophiolile 	 pleted mantle, sheeted dykes and IAT- 	Vourinos ophiolites, Greece; Troodos ophiolite, 

type/bonititic extrusives; locally includes 	Cyprus; Hatay, Bäer-Bassit and Guleman ophi- 

acidic calcalkaline extrusives and volc-jniclas- 	elites, south and southeastern Turkey. 

tics, 

Thick piles of hasalts and basaltic andesites; 

subordinate more fractionated extrusives and 

volcanictasties; tuffaceous, where shallow' 

water and/or subaerial. 

Thick units of structurally repeated deep-sea 

sediments, often with slivers of scraped-off 

oceanic crust; successions ideally thicken-

and coarsen-upwards in individual thrust 

slices and show downward younging in age 

of accreted units: many structural complica-

tions: often melange units are present. 

Structurally overlies subduetiomi/aecretion 

units, comprises thick, variable sequences of 
moderately deep- to shallow-marine or sub-

aerial deposits including carbonates, silici-

elastics and/or voleaniclastics: often rela-

tively structurally intact, with only low-grade 

metamorphism 

MORH- and/or tAT-type ophiolite overlain 

by terrigenous and/or volcanogenic sedi-

ment shed from both active arc and conti-

nental basement: locally siliceous and/or 

organic-rich sediments. 

MOR- and/or IAT-type ophiolite, overlain 

by mainly volcanogenic sediments, including 

tuffs. Little or no coarse elastic sediment 

input: votcanictastic turhidites and debris 

flows in areas proximal to active arcs. 

Palaeotethyan çangaldag, Central Ponlides, 

northern Turkey; Neotethyan units in central 

and southeastern Turkey (not well documented). 

P-alaeotethyan Karakaya Complex, western and 

central Turkey; Neolethyan Pinds-Olonos 

nappes, western Greece: Avmlella Melange, 

northwestern Greece: Errnioni Complex, south-

eastern Greece; Celmi and Ankara melanges, 

northwestern and central 'turkey. 

Neotethyan Kastamonu-Bayohal basin, Central 

Ponlides; Tiiz-Golü basin, central Turkey tin 

part): l3ilecik L_st, and underlying elastics, north-

western Turkey. 

Palacotethyan Kiire Complex, Central Ponlides; 

modern Black Sea basins, 

Not specifically recognised, but may include 

some ophiolite-related units in Neoizthys of 

southeastern Turkey. 

Oceanic arc 

Subduction/accrction 

complex 

Fore-arc basin 

Black-arc basin (mini-

continental) 

Back-arc basin (intra-
oceanic) 

Table 3. Convergent margin tectonic facies with examples from the Eastern 

Mediterranean Tethys (after Robertson 1994). 



Tectonic setting 

Intra-oceanic collision 

Remnant ocean basin 

Pre-collisional exten-

sional basin 

Post-collisional exten-

sional basin 

Foredeep with em-

placed oceanic crust 

Foreland hasiit with 

emplaced continental 

crust 

Uplift-related tectonic 

settings 

Characteristics 

Structurally complex assemblages of several 

ophiolitic and/or active margin related units 

(including oceanic arcs) often separated by 

serpentinitic melange; amalgamation by 

strike-slip and/or thrusting. 

Ophiolite (where preserved) overlain by 

deep-sea sediments, then much younger 

gravity-deposited sediments, commonly with 

provenance including emplaced ophiolites 

and collision cones already sutured along 

strike; little or no associated arc volcanism. 

Extensional fault-controlled basins devel-

oped on active continental margins (locally 

including ophiolites), above sut,duction 

zones, with little or no active suhduction 

related volcanism. 

Basin formation above normal (detachment) 

faults that relieve stresses accumulated dur-

ing collision and crustal thickening; subaerial 

to marine, elastic dominated basins; de-

pocentre ideally migrates away from footwall 

faults with time; provenance mainly from 

footwall side of basin 

Collapsed passive margins, overlain by deep-

ening-upwards sedimentary successions, in-

cluding hcnsipelagic and pelagic sediments 

and debris flows; overthrust by accretionary 

units and/or ophiolites. 

Collapsed passive margins, os'erlain by deep-

ening-upwards sedimentary successions-

mainly terrigenous turbidites and mud-

stones; debris flows locally at the top; over-

thrust by continental thrust sheets; includes 

piggy-hack basins and other complications. 

Varies from regional to local with uncon-

formities, structural evidence of uplift 

and/or diapirism; associated sediments de-

posited in basins, either locally or far-re-

moved. 

Examples 

None specifically recognised in Eastern Mcdi 

terranean Tethys, but may be present, particu-

larly in Palacotethys in I'ontides, also in 

Neotethys of southeastern Turkey 

Neotethyan Pindos "Flysch', western Greece; 

Killan Units; southeastern Turkey; modern 

Eastern Mediterranean Sea and Ionian Sea. 

Neogene sedimentary cover of Troodos ophio-

lite, Cyprus; Lower Tertiary l{azar basin, south-

eastern Turkey; modern Hellenic "trench" 

southwestern of Crete. 

Extensional unroofing of Aegean metamorphic 

units, including Menderes, Pelagonian, Rho-

dope, Serbo-Macedonian and Cycladic. 

Collapse of Pelagonian Zone associated with 

emplacement of Jurassic ophiolite in Greece. 

Albania and Serbia; similar collapse of Arabian 

margin, related to Lute Cretaceous ophiolite 

emplacement in southeastern Turkey. 

Closure of Neotelhys in Greece within Pelago-

ni-au. Pindos-Olonos and Ionian Zones (e.g. 

Ionian ''flsch'', similar Ka basin in southwest-

ern turkey and Lice/ciingiis basin in sosth-

eastern Turkey; piggy-basins include southern 

Tavas basin, western Turkey and Mcso-lleltCflTc 

Trough, Greece. 

Quaternary uplift of Troodos Massif, Cyprus; 

Regional uplift of Anatolian Plateau; uplift of 

Pindos Mountains etc. 

Table 4. Collision-related tectonic facies, with examples from the Eastern 

Mediterranean Tethys (after Robertson 1994). 
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Tectonic fades 

Transform rifts and 

passive margins 

Oceanic transform 

faults 

Oceanic crust in pull-

apart basins 

Convergence-related 

(pre -coil isional) 

Strike-slip and rotation 

(pre-collisional) 

Strike-slip and rotation 

(post-collisional) 

Characteristics 

Passive margin bordered by subsiding basin, 

with outher ridge composed of sediments 

and/or continental basement slivers; Struc-

tural evidence of shear, especially near con-

tinent-ocean boundary; reduced subsidence 

and volcanism relative to "normal' margins. 

Ophiolites cut by major fault cones showing 

pervasive strike-slip, fragmentation of ophi-

olitic crust; local rotations; fault-controlled 

sedimentary basins with intercalations of 

exinusives and coarse talus; ophucalcite where 

submarine exposure of ultramatics. 

MORB-type ophiolite overlain by relatively 

proximal terrigcnous sediments; possible evi-

dence of strike-slip within ophiolites; border-

ing margins may show thermal metamor-

phism related to intrusion/spreading. 

Sedimentary basins in foreurc/hackarc loca-

tions that were influenced by oblique sub-

duction and/or strike-slip. Hard to recog-

nise as tectonic lacies. 

Complex and variable settings marked by 

compression, strike-slip and/or tectonic ro-

tations (about vertical axes): also I ranslen-

sional pull-apart basins related to oblique 

collision 

Regions of pervasive strike-slip and dis-

tributed shear, including cones of compres-

sion, transtension; localised volcanism and 

deep-level (granitic) intrusion; block rota-

tions; localised melange genesis; strike-slip 

pull-apart basins. 

Examples 

Lute Palaeozoic- Early Mesozoic ( non em-

placed) rifted Levant; western margin of Meso-

zoic Bey Daglart carbonate platform, southwest-

ern 'turkey; more local margin offsets, including 

Scutari-Peé, Albania. 

South Troodos Transform Fault Zone, Cyprus 

and Tekirova Zone, southwestern Turkey (both 

supra-subduction zone ophiolites); no well docu-

mented examples within MOR-type ophuiolite in 

E. Mediterranean region. 

Neotethyan Oevgueli ophiolite. and related 

ophiolitic units, (e.g. Meglenitsa ophiolite). Var-

that Zone, northeastern Greece. 

Palaeotethyan marginal basins (e.g. Kijrc); 

Neotethyan foreare basins (e.g. Kastornunu-

ltayobat, Central Pontides and 1-lazar, south-

eastern Turkey; modern eastern Hellenic active 

margin; Cyprus active margin between Cyprus 

and Arabia. 

Southwestern segments of the Antalya Complex, 
southwestern 'turkey; Palicoristatlon of the 

'l'roodos nucroplatc dIld i elated deformation of 

the Mamonia Complex and Kyrenia Range. 

Cyprus; and Tertiary lice 'pull-apart basin, 

southeastern Turkey. 

Neotethyan evolution of Vardar Zone, Greece. 

Macedonia and Serbia: Tectonic escape of Ana-

tolia westwards, with compression, localised up-

lift, block-rotation and pull-apart basin develop-

ment. 

Table 5. Strike-slip related tectonic settings, with examples from the Eastern 

Mediterranean Tethys (after Robertson 1994). 
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From field observations; various tectonostratigraphic units are identified 

within the Upper Cretaceous Izmir-Ankara-Erzincan Suture Zone and are interpreted 

in terms of their tectonic facies. In combination with their stratigraphic and structural 

field-relations this forms the basis for the construction of a model for the tectonic 

evolution of the region through time. 

Interpretation of tectonic facies is supported by geochemical data. Whole-

rock geochemical analyses were made following a method developed by Godfrey 

Fitton and Dodie James and incorporating procedures outlined by de Jongh (1973), 

Govindaraju (1994), Jochum et al. (1990), Norrish and Hutton (1969) and Reynolds 

(1963) (Appendix 2). Chromite grains were analysed by electron microprobe 

following the method of Reed (1975). Geochemical analyses of basaltic rocks are 

used to identify past tectonic environments using the well established 'tectonic 

discrimination diagrams' of e.g. Pearce (1973), Pearce and Cairn (1982) and Dick 

and Bullen (1984). 

1.8 Organisation of thesis/review of contents 

Two areas, -500 km apart from each other, were studied during this project. 

This was advantageous because it allowed a direct comparison of the Izmir-Ankara-

Erzincan Suture Zone in these two areas, which exhibit several important differences 

in terms of regional geology. The Erzincan area in the east has higher mean elevation 

and topographic relief than does the area in the Central Pontides; subduction-related 

plutonic and volcanic rocks crop out north of the Izmir-Ankara-Erzincan Suture Zone 

in the Eastern Pontides but not in the Central Pontides; the Izmir-Ankara-Erzincan 

Suture Zone in the east separates the Pontides from the Taurides whereas in the 

Central Pontides it separates the Pontides from the Kirehir/Nigde massif. 

Data from the Eastern Pontides is presented first and then the data from the 

Central Pontides is presented for comparison. Thus, the thesis contains two main 

data-bearing chapters (Chapters 3 and 5), which are each preceeded by a review of 

the tectonostratigraphy. Chapters 3 and 5 also contain simple geographical maps of 

each area with a key to the Turkish grid references used throughout the thesis. 
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Where field-based data is presented either 6- or 10-figure grid references, 

obtained by GPS, preceeded by a reference to the relevant Turkish 1:100 000 map 

sheet are quoted in parentheses (e.g. gr: F32, 4020069730). 

The data are discussed and compared together in chapter 6, with reference to 

the regional and global tectonic context. The conclusions are summarised in chapter 

7. 

1.8.1 Turkish language 

The thesis contains many references to Turkish place names or Turkish stratigraphic 

units. The Turkish language contains letters not found in the English alphabet. To 

help the reader, their pronounciation is given below: 

Letter Pronounciation 

ii 'uh' as in put 

üÜ '00' as in shoe 

oO not common in English;'ur' as in the french fleur. 

silent but emphasises the preceeding vowel 

'sh'asinash 

c 'ch' as in chair 

Turkish place names are often composed of simple words 

Some useful geographical Turkish words are listed below: 

Dagi mountain 

çayir stream 

Nehiri River 

Tepe hill 

Koy village 

Yayla highland pasture 

Deniz sea 

Beyaz white 

Kara black 
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2 Tectonostratigraphy of the Eastern Pontides 

2.1 Revised stratigraphy 

This revised stratigraphy applies to the Upper Mesozoic-Early Tertiary rocks 

of the suture zone and incorporates, with acknowledgements, previously published 

data. Previous stratigraphic nomenclature is retained as far as possible. The 

introduction of new stratigraphic names is avoided except where this is essential to 

conform to the requirements of the international stratigraphic guide (Murphy and 

Salvador 1994). Where there is disagreement between, and uncertainty regarding, 

different published stratigraphic schemes the merits of each division have been 

considered in the light of the field evidence collected during this project. For each of 

the proposed stratigraphic units a biostratigraphic age is assigned based on existing 

data combined with the new micropalaeontological data obtained during this project. 

The revised tectonostratigraphy for the Eastern Pontides is shown in Figure 2.1. 

21 .1 Campanian-Maastrichtian Ayukayasu Formation 

Synonymy: Ayikayasi Formation (Ozgul and Turucu 1984). 

Name: It is not known where the Ayikayasi Formation (Figure 2.1) initially 

takes its name from. 

Lithology: Buff-grey-coloured thin-bedded pelagic limestones are 

interbedded with oolitic and bioclastic calcarenites with some mafic lithiclastic 

material. These rocks are interspersed with coarse, poorly sorted, graded, 

conglomerates containing angular to rounded clasts of neritic limestone, red 

mudstone and chert. The conglomerate beds have scoured, erosive bases. 

Lower and upper boundaries: The unit lies with a sharp but conformable 

contact on neritic limestone (Kabata Member) of the Munzur Dagi Formation 
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(Figure 3.1 and 3.3). Its upper stratigraphic boundary has been removed by south-

vergent thrust faulting. 
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Figure 3.1. Revised tectonostratigraphy of the Eastern Pontides with units arranged in 

order of outcrop from north to south. 

Thickness and lateral extent: The Ayikayasi Formation reaches a maximum 

exposed thickness of 25m in the Munzur Mountains area between Muratboynu and 
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Yeilyazi (Figure 2.2). Its outcrop is limited, being only preserved as remenants of 

the thin uppermost part of the Munzur Dagi Formation that has escaped erosion. In 

addition, the thick limestone succession of the Munzur Dagi Formation itself gives 

rise to a fairly inaccessible terrain. The only accessible outcrop in the area is -lO km 

south of Muratboynu (Figure 2.2). 
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Figure 3.2. Map of the Erzincan area to show locations refered to in the text. 142 and 

143 are Turkish map numbers. 

2.1.2 Upper Cretaceous Refahiye Complex 

Synonymy. Zone intermédiaire des péridotites d'Erzincan, Bergougnan 

(1975); Refahiye Karmaigi/Erzincan Nappe, Yilmaz (1985); Karakaya Kompleksi 

(in part), Kocyigit (1990); Karadag Kompleksi (in part), Kocyigit (1990); Ic Toros 

Kompleksi (in part), Kocyigit (1990); Refahiye Ophiolitic Complex (in part), 

Aktimur et al. (1995); Oflyolitli Melanj (in part), Okay and SahintUrk (1997); 

Uluyamac Ophiolite, Ozer et al. (2004). 
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Figure 3.3. Simplified geological map of the Erzincan area to show outcrop of the 

Upper Cretaceous-Lower Tertiary units of the IAES suture zone; modified from 

Aktimur et at. (1995). 

Name. The unit is named after the town of Refahiye which lies within a large 

outcrop area of the unit, about 70km west of Erzincan. The unit is well exposed 

along the international highway (E80) half way between Refahiye and Erzincan. 

Lithology. The unit is composed of >75% by volume, serpentinised 

harzburgite, 20% diabase and minor amounts of gabbro, and isolated trondhjemite 
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(plagiogranite) dykes. Tectonic slices, about 2000m thick, of a sheeted dyke complex 

crop out west of çatalarmut and south of Akbudak (Figure 2.2). In the same area, the 

Refahiye Complex also contains a variety of metamorphic rocks which make up 

<5%, occurring as screens of various thickness between diabase dykes. Lithologies 

include epidote-actinolite schist, metabasite, metaserpentinite and massive marble. 

These metamorphic rocks probably belong to the Upper Palaeozoic-Early Mesozoic 

Karakaya Complex (see section 3.3.7). 

Lower and upper boundaries. The base of the Refahiye Complex is a north-

dipping thrust everywhere where it is observed. The boundaries are commonly thick, 

serpentinised shear zones displaying S-vergent shear fabrics and fluid alteration of 

the surrounding rocks. At its upper boundary the unit is unconformably overlain by 

the Eocene Sipikor Formation or younger Tertiary cover rocks (sections 2.1.6 and 

2.2; Figure 2.1). 

Thickness and lateral extent. The estimated thickness of the Refahiye 

Complex is about 8km. The unit is very well exposed to the north and north-west of 

the Erzincan pull-apart basin and crops out in an -8km-wide belt extending 

eastwards towards cayirli and westwards beyond Refahiye. 

2.1.3 Upper Cretaceous Karayaprak Mélange 

Synonymy. Mélange Ophiolitique Karayaprak, Bergougnan (1975); 

Karayaprak Karmaigi, Yilmaz (1985); Karayaprak Napi (in part) of the Anadolu 

Kompleksi, Kocyigit (1990); Refahiye Ophiolitic Complex (in part), Gülandere 

Formation (in part), Senek Ophiolitic Complex (in part), Aktimur et al. (1995); 

Ophiolitic Mélanj, Okay and Sahinti)rk (1997). 



Name. The Karayaprak Mélange apparently takes its name from a village in 

the Sueri area 130 km west of Erzincan which is outside the study area. The name 

was first used by Bergougnan (1975). 

Lithology. The Karayaprak Mélange is a variably tectonised mixture of 

blocks and slices individually up to about 1km long. These blocks are dominantly 

hard pale-grey massive crystalline pelagic limestones associated with basalt. 

Hydrothermally altered basaltic pillow lava is commonly associated with red 

radiolarian chert, pelagic limestone and mudstone. Serpentinite occurs as blocks and 

slices of altered peridotite, and also as highly deformed masses along shear zones. 

Lesser components of the mélange include diabase, volcaniclastic shale and 

sandstone, gabbro, recrystallised and deformed pink pelagic limestone, rare 

plagiogranite, amphibolite and greenschist metavolcanic rocks. Matrix-supported 

olistostromal (ie. sedimentary) mélange crops out near KömUr village (north of 

Erzincan) where metre-scale blocks are set in a poorly-sorted but dominantly muddy 

sedimentary matrix. However, at most outcrops a sedimentary matrix is absent and 

the blocks of various lithologies are tectonically mixed. For more detailed discussion 

of the nature of the Karayaprak Mélange see section 3.4. 

Lower and upper boundaries. The lower contact of the Karayaprak Mélange 

is a thrust where ever it is observed. North-dipping thrust faults imbricate the 

Karayaprak Mélange with units of various ages in the region, including the pre-

Liassic Karakaya Complex and Miocene and younger cover rocks (section 2.2). The 

Karayaprak Mélange is unconformably overlain by the Upper Cretaceous-Lower 

Eocene Sipikor Formation at Muratboynu village (Figure 2.1; sections 2.1.6 and 3.7). 

Thickness and lateral extent. The Karayaprak Mélange occurs as discrete 

slices, up to a maximum of about 4km thick. It is imbricated with various older units 

and its outcrop is distributed over a wide area. The most accessible outcrops occur 

along the international highway (E80) SE of Erzincan. Large outcrop areas are found 

35km west of Erzincan between the villages of Akbudak and Bahceli (Figure 2.2), 

and also between the River Euphrates and the Munzur Mountains, SW of the town of 



Kemah near Muratboynu village (Figure 2.2). Outcrops have aslo been mapped 

outside the study area, south of the Munzur Mountains between Ovacik and 

Kemaliye (OzgUl and Turucu 1984). 

2.1.4 Upper Cretaceous Karada§ Formation 

Synonymy. Refahiye Ophiolitic Complex (in part), Yilmaz (1985); Karadag 

Volcanitleri, Kocyigit (1990); Karadag basalt member (cerpacindere Formation), 

Aktimur et al. (1995); Pazarcik Volkanics, Atalay (1999). 

Name. The Formation is named after Karadag ('Black Mountain'). There are 

at least three mountains within 30km of Erzincan with the name Karadag (Figure 

2.2). One such mountain near the village of Bilkoç 10km south of Erzincan (Figure 

2.2) was mapped by Kocyigit (1990) as 'Karadag volkanitleri' (Eocene) and the unit 

originally took its name from there. However, the stratigraphy of Aktimur et al. 

(1995) retained the name Karadag for the volcanic unit but placed it in the 

Palaeocene and mapped the Karadag Mountain area near Binkoç village as Eocene, 

in agreement with Kocyigit (1990). However, they mapped the rocks under a new 

name (the Senek Formation) and described them as a mélange. Their name Karadag 

Formation therefore refers to the Karadag Mountain near the village of Doganbeyli 

(30km west of Erzincan, Figure 2.2) which they mapped as Upper Cretaceous-

Palaeocene basalt. The name Karadag Formation is retained here since both localities 

are interpreted here as outcrops of the same stratigraphic unit. 

Lithology. The unit comprises a thick succession (-3km) of hornblende- and 

plagioclase-phyric basic and andesitic lavas interbedded with coarse volcaniclastic 

conglomerates of andesitic composition. Chlorite-epidote-albite- and quartz-bearing 

volcaniclastic, tuffaceous and carbonaceous schists occur between metabasic and 

meta-andesitic flows, 2-3m thick. These are interpreted as metamorphosed 

volcaniclastic sandstones, shale and tuff, bearing mineralogical and textural evidence 

of a regional metamorphic event reaching upper greenschist facies (see Chapter 3 for 

details). 
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Lower and upper boundaries. The lower contact of the Karadag Formation is 

everywhere a N-dipping thrust. Where the upper boundary has not been cut out by 

thrusting the unit is overlain unconformably by the Lower Eocene Sipikör Formation 

(eg. at Bilkoc), or younger sedimentary rocks (Figure 2.1; sections 2.1.6 and 3.7). 

Thickness and lateral extent. The formation occurs in discontinuous wedge-

shaped thrust slices up to 20km long which, individually, reach a maximum 

estimated post-deformational thickness of3km. A total outcrop area of 250 square 

km was mapped within the suture zone in the Erzincan area. The best outcrop is 

found at Kohnemdag Mountain, 20km west of Erzincan. Other outcrops are found 

east of the Erzincan pull-apart north of the main road, and west of Erzincan south off 

the road at the village of Berierif (Figure 2.2). 

2.1.5 Campanian-Lower Eocene Sutpinar Formation 

Synonymy. GOzerek Formation (in part), Arikaya Limestone (in part), Ozgul 

and Turucu (1984); SUtpinar Formation, Kocyigit (1990); çerpacin member (of the 

ceacindere Formation), Aktimur et al. (1995); Kapikaya Limestone, Okay and 

Sahintiirk (1997). 

Name. It is unclear where the names Gözerek and Arikaya (Ozgul and 

Turucu 1984) were taken from. Very limited information has been published 

regarding the outcrop and characteristics of the Gözerek and Arikaya Formations and 

it is not even clear if these are of the same lithology and age. For this reason the 

name SUtpinar Formation (Kocyigit 1990) is used here. The formation takes its name 

from the village of Sutpinar, 10km west of Erzincan. The main outcrop of the unit is 

located on the western edge of the Erzincan pull-apart basin. 

Lithology. The formation consists of a 1500m-thick succession of 

sedimentary rock which generally coarsens upwards. The lower '800m is a 

succession of medium-bedded calcarenites and quartzo-feldspathic sandstones with 

laminated, muddy-shaly calcareous partings. In places, the succession is dominated 
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by thin-bedded, fine-grained, dark, volcaniclastic shale, thick-bedded, pale 

calcarenites with rare andesitic lava flows and volcaniclastic debris-flow 

conglomerates. The Formation passes upwards conformably into the Sipikör 

Formation. 

Lower and upper boundaries. Both the lower and upper boundaries of this 

unit are commonly north-dipping thrusts. In the centre of the suture zone, near 

Gokkaya village and at Kohnemdag Mountain (Figure 2.2) the top of the Sutpinar 

Formation exhibits a conformable transition to the Sipikör Formation, marked by the 

appearance of thick (up to 4m) lenses of coarse polymict conglomerates, and 

massive, texturally immature and compositionally varied sandstones. 

Thickness and lateral extent. The present apparent thickness is estimated to 

be up to 8km based on mapping. The succession at Gokkaya measures 1500m thick. 

West of Erzincan the formation crops out in a 25 km-long belt that extends into the 

mountains between the Euphrates River and the North Anatolian Fault Zone. Access 

by road to this large area of outcrop is difficult. Very good exposure occurs in deep 

gorges that drain to the south, west and east from Kohnemdag Mountain. By far the 

best access is by foot from the village of Gokkaya (Figure 2.2). 

2.1.6 Palaeocene-Lower Eocene Sipikör Formation 

Synonymy. Sipikör Formation, Bergougnan (1975); Koroglu Formasyonu, 

Kocyigit (1990); Gülandere Formation, Aktimur et al. (1990, 1995); Sipikor 

Formation, Okay and SahintUrk (1997); Gülandere Formation, Atalay (1999); Sipikor 

Formation, Topuz et. al. (2004). 

Name. In the Erzincan area this unit originally took its name from the village 

of Sipikor, 20km north of Erzincan (Bergougnan 1975). The name continues to be 

used in this area (eg. Okay and Sahinturk 1997; Topuz et. al. 2004). However, in the 

Sivas Basin, further west, the unit takes its name from the GUlandere River between 

Refahiye and Kemah (eg. Aktimur et. al. 1990), the name Gülandere Formation was 

subsequently extended to the Erzincan area (Aktimur et al. 1995) and continues to be 
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used in the Sivas Basin area (eg. Ayaz 2003). In this study Bergougnan's original 

name for this unit, the Sipikör Formation (1975) is retained in the Erzincan area. The 

Sipikor Formation is correlative with the GUlandere Formation in the adjacent 

Tertiary Sivas basin further west. 

Lithology. The formation exhibits a variety of lithologies. Polymict, well-

rounded conglomerate lenses and weakly bedded, to massive, fine- to coarse-grained 

sandstones interdigitate with discontinuous lenses of very fine, dark grey, hard, 

massive foraminiferal limestone, up to -50m thick. In places medium- to thick-

bedded, pale-creamy coloured sandy, oncoidal and bioclastic Nummulitic packstones 

and wackestones with rudist fauna, algae and large sponges represent shallow-marine 

carbonate environments (see section 3.7 for details of fossil occurrences). These 

limestones are interbedded with anhydrite beds. The shallow-marine facies pass 

upwards into deltaic and fluvial facies sedimentary rocks. 

Lower and upper boundaries. The Formation rests unconformably on the 

Karayaprak Mélange and the Refahiye Complex (Figure 2.1). However, the base of 

the Sipikor Formation is a conformable transition from the Sutpinar Formation in a 

well exposed section between Gokkaya village and Kohnemdag Mountain. The 

beginning of the Sipikor Formation is marked by the appearance of thick (ie. 4m) 

lenses of polymict conglomerates interbedded with thick (40 m) lenses of massive 

fine-grained nummulitic limestone. The unit is unconformably overlain by Miocene 

and younger sedimentary or volcanic cover rocks (eg. near Kemah). The upper 

contact at many localities is a north-dipping thrust fault. 

Thickness and lateral extent. The Sipikor Formation is less deformed than the 

older units and its thickness is estimated to be at least 500m in the Kbhnemdag area 

where the most complete section crops out. 

2.2 Miocene cover units 

The Miocene and younger cover rock units in the area are not revised here as 

they were not studied in detail during this project. The nomenclature of Aktimur et 
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al. (1995) is adopted informally in this thesis for the Tertiary cover units of the Sivas 

basin (Kemah Formation, tslamkenti Formation and Yalrnzbag Formation). These 

units have been described in great detail particulary from the Sivas Basin by other 

workers (eg. Aktimur et al. 1990). These sedimentary rocks comprise a variety of 

clastic sedimentary rocks, carbonates and evaporites that unconformably overlie 

Lower Tertiary and older rocks. Miocene and younger cover rocks crop out 

extensively in the large Sivas Basin to the west of Erzincan and also to the north in 

the Pontides. 

2.3 Conclusions: tectonostratigraphy of the Eastern Pontides 

This chapter has outlined a workable stratigraphic scheme that identifies six 

major formations of Late Cretaceous-Early Tertiary age within the suture zone. 

These are the Ayikayasi Formation, Refahiye Complex, Karayaprak Mélange, 

Karadag Formation, Sutpinar Formation and the Sipikör Formation. The Sütpinar 

Formation extends into the Lower Eocene. In addition, the Sipikor Formation of 

Palaeocene-Lower Eocene age is included here for two main reasons: 1) 

sedimentological analysis of the Sipikor Formation provides a means to investigate 

the tectonic processes occurring during the early stages of collision and assembly of 

the suture zone; 2) the Sipikor Formation is the oldest unit unconformably overlying 

some of the assembled Upper Cretaceous units of the suture zone and thus constrains 

the timing of tectonic events. The Ayikayasi Formation is considered here because of 

its relevance to the investigation of the tectonic processes during final closure of 

Northern Neotethys. In contrast, a detailed consideration of the stratigraphy of the 

Tertiary sedimentary basins (eg. Sivas Basin) is outside the objectives of this 

research. 

The lithostratigraphic division presented here allows meaningful, detailed 

comprehensible descriptions of each of the units to be made in the following chapters 

of this thesis. 
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3 The Izmir-Ankara-Erzincan suture zone in the 

Eastern Pontides 

3.1 Introduction 

This chapter details the diagnostic characteristics of each of the Upper 

Cretaceous-Early Tertiary units exposed within the Izmir-Ankara-Erzincan suture 

zone in the Eastern Pontides. Igneous, sedimentary and geochemical data are 

presented from each unit and an interpretation of each unit is given. The 

interpretations of the individual units are summarised together at the end of the 

chapter. 

3.2 Trench-margin collision fades: Ayikayasi Formation 

A small outcrop of the Ayikayasi Formation was logged south of the River 

Euphrates in the Munzur Mountains (e.g. south of Muratboynu at gr: J41, 

9857770181), where the Ayikayasi Formation conformably overlies the platform 

limestone of the Munzur Dagi Formation. The stratigraphic top of the formation was 

not observed, being cut by north-dipping thrust faults (the unit is structurally overlain 

by the Karayaprak Mélange). Pelagic foraminifera present in the Ayikayasi 

Formation include the Lower Cretaceous species Vercorsella, Pyrgo and 

Quinqueloculina (Ta1i and Inan pers. comm. 2004). The Lower Cretaceous 

foraminifera could be reworked. Ozgul and Turucu (1984) dated the unit Turonian-

Campanian. 

The Ayikayasi Formation begins with 3 in thickness of pink pelagic 

limestone (Figures 3.1 and 3.2). This pelagic limestone is followed by amalgamated, 

thickly-bedded, massive (2 m) calcirudites. The calcirudites are matrix-supported 

conglomerates with large (<50 cm), rounded to sub-angular boulders and pebbles of 

grey coarse biosparite and angular to sub-angular pebbles and granules of red chert 

and red pelagic limestone in an oolitic biomicrite or calcarenite matrix. Individual 
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beds tend to be dominated by either angular red pelagic clasts or rounded neritic 

limestone clasts. The amalgamated calcirudites have scoured, erosive bases and are 
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interbedded with medium-bedded oolitic biosparite, cross-bedded calcarenites and, 

thinly-bedded pelagic limestones. Some conglomerate beds exhibit clast imbrication. 

3.2.1 Structure 

The limited exposure of the Ayikayasi Formation in the Erzincan area is not 

well-cleaved and no folds were observed. Some exposures exhibited a strong low-

angle shear fabric or mylonitic texture. Bedding planes dip locally toward the south 

at 45°. 

3.2.2 Sedimentary petrography 

In thin section coarse-grained sandy limestone from the Ayikayasi Formation 

contains ooids, oncoids, bioclasts and calcite grains together with sub-angular to sub-

rounded lithic clasts composed of serpentinite, chioritised basalt, diabase, chert and, 

plagiogranite in a sparite cement. Some sections contain abundant rounded or 

angular quartz grains. These include metamorphic quartz grains with strained 

extinction and polycrystalline quartzite grains with sutured grain boundaries. A 

mylonitic texture is observed in one thin section. 

3.2.3 Discussion 

The internal texture of the biosparite clasts is identical to that of the neritic 

limestone belonging to the underlying Munzur Dagi Formation. The matrix-

supported, coarse-grained and massive texture of the conglomerates suggest that they 

are debrites, transported and deposited by 'proximal' sediment-gravity flows. The 

clasts are compositionally sorted to some degree, suggesting separate source regions. 

The neritic limestone clasts in the Ayikayasi Formation are derived from the 

carbonate platform represented by the Triassic-Upper Cretaceous Munzur Dagi 

Formation. The red pelagic chert and pelagic limestone clasts have no potential 

source area within the Munzur Platform and it seems likely that they were derived 

from the accretionary wedge behind the Neotethyan trench. The metamorphic quartz 

content may indicate exposure and denudation of the Palaeozoic basement of the 

Munzur Platform during the Late Cretaceous. 



3.2.4 Summary 

The Ayikayasi Formation is of Campanian-Maastrichtian age (83.5-65.5 Ma; 

Ozgul and Turucu 1984; 93.5-70.6 Ma; Gradstein et al. 2004). 

The formation lies with conformable contact above the Munzur Dag-1 

Formation (Ozgul and Turucu 1984). 

The formation begins with pelagic limestones that pass stratigraphically 

upwards into redeposited coarse calcirudites, interpreted as debrites. The debrites 

were redeposited from the Munzur Platform to the south and the Neotethyan oceanic 

crust-derived nappes to the north (e.g. the Karayaprak Mélange and Refahiye 

Complex described below). 

The formation records the foundering of the Munzur Platform and 

development of a foredeep during Campanian-Maastrichtian time (83.5-65.5 Ma) 

related to southward thrusting and emplacement of the Neotethyan ophiolitic nappes. 

The Ayikayasi Formation can be interpreted as a trench-margin collision facies. The 

Ayikayasi Formation and its tectonostratigraphic position are comparable to units of 

the same age found -500 km southwest in the Taurides (Ozer et al. 2004). 

3.3 Emplaced inferred marginal basin lithosphere: The Refahiye 

Complex 

The outcrop of the Refahiye Complex is shown in Figure 3.3. The unit is well 

exposed in several deeply incised gorges that feed the Erzincan pull-apart basin from 

the north. In the Erzincan area the Refahiye Complex exhibits the lower- to mid-level 

components of an ophiolitic pseudo- stratigraphy (Figure 3.4): However, extrusive 

rocks and epiophiolitic sedimentary rocks are missing, and no metamorphic sole is 

present. No age data are yet available for this unit. 

A peridotite thrust sheet, including largely serpentinised harzburgite, is 

exposed in the central and northern sections of the complex (Figure 3.5). 

Mafic/ultramafic cumulates (websterite, dunite and layered gabbro) occur as isolated 

outcrops or fault-bounded blocks and undeformed shear-pods within the sheared 

serpentinite. North and west of Erzincan, near the villages of Iikpinar and Tandirli 

(Figure 3.5) gabbro, diabase sheeted dykes, plagiogranite bodies and rare andesite 
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dykes are found within fault blocks separated by sheared serpentinite. Lithologies 

from different parts of the ophiolitic pseudo- stratigraphy (i.e. peridotite, cumulates 

and intrusives) are commonly tectonically mixed at outcrop-scale, occuring as trains 

of blocks, imbricated sigmoidal shear-pods or lozenges up to 50 m long commonly 

within a matrix of sheared serpentinite (Figures 3.6 to 3.8). Sheeted dykes are best 

exposed within an internally deformed thrust sheet extending for >10 km west of 

Erzincan. The diabase dyke complex contains abundant screens of metamorphic 

rocks in the southwestern part of the complex (Figures 3.5 and 3.9). Thus, while the 

Refahiye Complex contains an ophiolitic rock assemblage the Complex does not 

strictly match the formal definition of an ophiolite (Anonymous 1972). The older 

metamorphic host is intruded by dense swarms of diabase dykes (<2 m thick), and 

thin isolated dykes containing aplite, trondjemite and pegmatitic gabbro (<1 m thick). 

Diabase and plagiogranite (trondhjemite) dykes are found as isolated intrusive bodies 

at all levels within the complex (Figure 3.4). 

Although displaying evidence of intense polyphase deformation (section 

3.3. 1) the unit retains a degree of structural coherence and can be divided roughly 

into east-west trending lithological associations (Figure 3.5). The massive 

harzburgitic tectonites generally crop out furthest to the north; the central zone 

comprises a tectonic mixture of isolated diabase and plagiogranites (trondhj emite) 

dykes, layered cumulates and gabbro; the southern zone contains mainly diabase and 

metamorphic host rocks. Thus, the northern part of the ophiolitic complex comprises 

the lithologies of the lithospheric mantle, whereas the southernmost part exposes a 

upper-mid crustal section with metamorphic screens. 

3.3.1 Structure 

At outcrop-scale, the whole unit displays a pervasive north-vergent shear 

fabric (Figure 3.12). North and east of the Erzincan Basin the deeper parts of the unit 

are imbricated by north-dipping (top-to-the-south) thrusts on a large scale (tens of 

kilometres long thrust sheets) with metamorphic basement units of the Pontides 

(Figures 3.3 and 3.5). North-dipping thrust faults also separate kilometre-scale thrust 

slices within the ophiolitic complex (Figures 3.5 and 3.10). The Refahiye Complex 



exhibits strike-slip shear-zones. The unit is bounded above and below by south-

vergent shear zones. 
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Figure 3.6. Train of blocks of marble and schist within sheared serpentinite (near 

Handere 5 km west of Iikpinar (Figure 3.5). 

Figure 3.7. Equant tectonically abraded blocks of serpentinised harzburgite and 

diabase in sheared serpentinite (near Tandirli; Figure 3.5). 
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Harzburgites within the Refahiye Complex exhibit a foliation formed by the 

alignment of orthopyroxene crystals and aggregates of chromite. The foliation in 

harzburgite dips moderately to the north and northwest (Figure 3.13Error! 

Reference source not found.a). The contact between harzburgite and gabbro (the 

'petrological Moho') is exposed at Iikpinar (Figure 3.5) dipping 80°S/105°. Mineral 

layers in gabbro are sub-vertical and dominantly strike NE-SW to E-W (060'- 165'; 

Figure 3.13a). Chilled margins of sheeted dykes are steeply inclined to the north and 
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northwest and exhibit a range of strike orientations (Figures 3.13 and 3.14). Isolated 

dykes are generally steeply inclined and exhibit no preferred orientation. 

The harzburgitic tectonite is commonly serpentinised and strongly sheared 

3.12). Discrete shear zones exhibit c-s fabrics and slickensides that indicate a range 

of cross-cutting relations and kinematic directions. A pervasive top-to-the-north 

shear fabric is associated with discrete shear zones that exhibit a top-to-the-north c-s 

fabric, south-dipping thrust faults with top-to-the-north slickensides that form duplex 

structures and, reidal shears (north-dipping). A folded top-to-the-north mylonite was 

observed within diabase. Most commonly the pervasive shear fabric dips gently 

south although its orientation is varied (Figure 3.13c). Top-to-the-north shear fabric 

is seen to be folded and faulted by later structures. The top to the north structures are 

widespread and are commonly cut by top-to-the-south thrusts and shear zones. Top-

to-the-north shear is preserved within north-dipping thrust horses of a top-to-the-

south duplex structure exposed west of Erzincan near catalarmut (gr: 142, 245066). 

Commonly blocks retaining a top-to-the-north shear fabric are set within a highly 

sheared tectonic matrix exhibiting a top-to-the-south fabric, e.g. near Tandirli 

(Figures 3.5 and 3.7) and Goltepe (gr: 143, 438869). 

Top-to-the-south thrusts and shears dip northwards. Their measured 

orientations are shown in Figure 3.13c. Major north-dipping top-to-the-south thrusts 

are seen at the base and top of the Refahiye Complex where they juxtapose the 

Refahiye Complex against other units. Top-to-the-south shear zones are spaced —1 m 

apart within the sheeted dyke complex 5 km north of Erzincan. The top-to-the-south 

shear fabric is pervasive and sub-horizontal near Iikpinar (Figure 3.5). 

Asymmetrical south and east-vergent folds were seen to fold the top-to-the-north 

shear fabric in several places. These folds have recumbent to gently inclined axes 

and are disharmonic. Metamorphic segregation was observed in metabasic rocks 

adjacent to major top-to-the south shear zones. 

Sub-vertical strike-slip faults exhibiting both dextral and sinistral slickensides 

and C-S fabrics cut all of the above structures. The orientation of strike-slip faults is 

shown in Figure 3.13c and b. 

Top-to-the-east and top-to-the-west structures and shear fabrics are common 

in the Refahiye Complex. These tend to exhibit complex cross-cutting relationships. 



Metamorphic host rocks within the Refahiye Complex (Figure 3.9) exhibit a sub-

vertical cleavage striking NW-SE (Figure 3.16). The structure in the metamorphic 

rocks is coherent and cleavage is commonly sub-parallel to gneissose banding and 

bedding where these were observed. Stretching lineation and crenulations are sub-

vertical. The NW-SE structural grain in the metamorphic rocks is roughly normal to 

the dominant structural grain in the ophiolitic rocks. Cleavage in the metamorphic 

rocks is cut by intrusive and tectonic contacts with the ophiolite, including top-to-

the-north thrusts. 

No relationship was directly observed between the foliation in harzburgite 

and the grain of the metamorphic host rocks. The NW-SE structural grain within the 

metamorphic host rocks, orientated roughly normal to the overall structural grain of 

the ophiolite, is cut by top-to-the-north thrusts and intrusive contacts. The grain of 

the metamorphic rocks, therefore, pre-dates ophiolite genesis and the top-to-the-north 

deformational event. The earliest deformational structure within the ophiolitic rocks 

of the Refahiye Complex is seen in harzburgitic tectonite and is an S-tectonite fabric 

(Hobbs et al. 1976) common in alpine-type peridotites. The foliation in the 

harzburgitic tectonite is interpreted as an inherited mantle flow fabric (Nicolas 1989). 

The top-to-the-north deformational event gave rise to a pervasive shear-fabric and 

associated top-to-the-north thrusts. Structures associated with this phase of 

deformation trend ENE-WSW (Figure 3.15) and are likely to have developed as a 

result of emplacement of the ophiolite northwards onto the Eurasian margin. The 

emplacement direction is interpreted to have been from the SSE towards the NNW. 

The next deformation produced south-directed thrusting, shearing and folding of 

previous structures. Structures exhibiting a top-to-the-south sense of motion trend 

NE-SW and NW-SE. Rocks adjacent to major top-to-the-south serpentenite shear 

zones are metamorphosed. This probably reflects the high activity of water (AH20) 

near the shear zone but also suggests that shearing was likely to have occurred at 

elevated pressure and/or temperatures, possibly at mid crustal depths (Best 2002). 

The top-to-the-east and top-to-the-west structures that were observed may be related 

to these phases of deformation and may indicate transpressional (oblique) 

deformation. All the previous structures are cut by sub-vertical strike-slip faults. 

NNW-SSE strike-slip faults are orientated at a low angle to the trend of the North 
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Anatolian Fault Zone. Some of the strike-slip and normal faults that cut the Refahiye 

Complex may be related to the North Anatolian Fault Zone (Chorowicz et al. 1999). 

Older strike-slip faults may also be present. 

Figure 4.12. Pervasive north-vergent shear-fabric in serpentinised harzburgite. Photo 

taken near Handere, -4 km east of 1ikpinar (Figure 3.3, 3.5). 

3.3.2 Peridotites 

An extensive thrust sheet of deformed and serpentinised peridotite crops out 

north and west of Erzincan (Figure 3.5) and comprises 75% of the Refahiye 

Complex. Serpentinised peridotite dominates the central and northern parts of the 

outcrop and is tectonically imbricated on a large scale with older basement units of 

the Pontides to the northeast of the Erzincan Basin (Figure 3.3). The peridotite is 

intruded by isolated plagiogranite (trondhjemite) and diabase dykes. 

Hydrothermal (metasomatic) alteration of the ultrabasic rocks has largely 

replaced the original mineralogy with serpentine group minerals. The degree of 

serpentinisation is locally variable. In places patchy alteration was observed on the 
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a) ophiolite genesis-related 	b) isolated dykes 

c) shear fabrics 
	 d) thrust faults 

poles to foliation in harzburgite 
o 	poles to layers in gabro 

poles to sheeted dyke chilled margins 
poles to top-to-the-north shear fabric 

v 	poles to top-to-the-south shear fabric 
+ 	poles to strike-slip shear fabric 

Figure 3.13. Equal-area plots (Lambert/Schmidt) showing structural data for the 

Refahiye Complex. 
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Figure 3.14. Rose diagram showing strike orientation of chilled margins in the sheeted 

dyke complex within the Refahiye Complex. 

a) Thrust faults 
	

b) Strike-slip shears 

Figure 3.15. Rose diagrams showing strike orientation of fault planes within the 

Refahiye Complex. 
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a) 
	

b) 	N 

o pole to bedding 

poles to cleavage 

* crenulation lineation 

+ stretching lineation 

Figure 3.16. Structural data for the metamorphic host rocks within the Refahiye 

Complex. a) equal-area plot (Lambert/Schmidt); b) rose diagram showing strike 

orientations of cleavage planes. 

scale of about 1 in. Where deformation is minimal the harzburgite is a hard, dark 

coloured rock with pale bluish weathered surfaces, a soapy feel and massive 

appearance. Relatively fresh surfaces exhibit a relict primary igneous texture of 

coarsely crystalline (-1.5 cm) dark brown bronzite and bastite pseudomorphs 

replacing orthopyroxene and black, brown or blue serpentine pseudomorphs after 

olivine. Primary igneous olivine or orthopyroxene crystals are rarely preserved 

intact. The only primary igneous mineral unaffected by the alteration are abundant 

small (-1 mm) black grains of accessory chrome spine!. The serpentine group 

minerals are not easily distinguished from each other without the use of X-ray 

techniques. In thin section the serpentine occurs as: 1) a mesh-textured 

pseudomorphic replacement of olivine (Figure 3.17); 2) platy pseudomorphs after 
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Figure 3.17. Photomicrograph of serpentinsed harzburgite from the Refahiye Complex 

showing mesh-textured pseudomorphic serpentine replacing olivine. 

orthopyroxene (Figure 3.18) (bastite probably replacing enstatite/bronzite); and, 3) 

fibrous veins (Figure 3.19). Primary olivine and orthopyroxene are rarely preserved 

as complete crystals (up to 1.5 cm length); they commonly form remnant 'blebs', as 

seen in thin section (Figure 3.20). 

Where present, the orthopyroxenes commonly display a lamellar structure 

with rows of flattened blebs of exsolved highly birefringent clinopyroxene, an 

occurrence known as pigeonite. Dark red chrome spinel crystals are ubiquitous and 

may be euhedral, partly resorbed or fragmentary (Figure 3.21). Secondary minerals 

other than serpentine are also present such as brucite, magnetite and hydromagnesite. 

The harzburgite commonly exhibits a relict mineral foliation (S I) (Figure 

3.22). Si is a pervasive shear fabric, and the ophiolitic peridotite is, therefore, an S-

tectonite. The S-tectonite fabric is commonly replaced by later deformational 

fabrics. An extensive ('-30 km) outcrop of well preserved harzburgitic tectonite is 
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Figure 3.18. Photomicrograph of serpentinised harzburgite from the Refahiye Complex 

showing platy serpentine (bastite) replacing enstatite (orthopyroxene). 

Figure 3.19. Photomicrograph of fibrous serpentine in serpentinised harzburgite from 

the Refahiye Complex. 
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Figure 3.20. photomicrographs of serpentinised hazburgite in the Refahiye Complex to 

show remnant blebs of primary orthopyroxene and olivine. 
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Figure 3.21. Photomicrograph of a typical serpentinised harzburgite of the Refahiye 

Complex with partially resorbed chrome spinel. 

Figure 3.22. Photograph showing mineral foliation in harzburgitic tectonite along the 

E80 highway near Erzincan: preserved mantle flow-fabric. 



exposed along the E80 highway 30 kilometres west of Erzincan (gr: 142, 165152) 

where the mineral foliation was measured with the following trends: 35°N to 0900, 

40°N to 040° and 40°N to 035°. 20 kilometres further southeast at Deryurt (gr: 143, 

370080), the flow fabric is locally variable but was measured at 75°N to 150°. 

However, in much of the ophiolitic complex the primary crystalline texture and 

mineral foliation has been destroyed by the development of later pervasive shear-

fabrics (Figure 3.12). The more intensely serpentinised outcrops that commonly 

show more well-developed S2 and/or S3 shear fabrics are soft, fissile, and 

preferentially weathered. D2- and D3-deformed serpentinite is commonly present in 

discrete shear-zones (20 cm---200 m). Where the unit is sheared, the primary texture 

of the peridotite is only preserved in undeformed shear-pods. S 1, S2 and S3 fabrics 

are cut by brecciated and mineralised zones (10 in wide, up to -1 km long) that 

contain anastamosing calcite, brucite, hydromagnesite, rhodingite dolomite and 

quartz veins. 

The serpentinised harzburgitic tectonite represents the lowest part of the 

exposed ophiolitic pseudo-stratigraphy. The peridotite does not exhibit cumulate 

layering and is interpreted to represent residual lithospheric mantle from beneath the 

petrological Moho. The clinopyroxene-poor mineralogy of the harzburgite suggests 

the presence of a high depletion of the incompatible elements (e.g. calcium and 

aluminium). This depletion is consistent with the extraction of larger volumes of 

basaltic melt from the lithospheric mantle than is inferred to occur at normal mid-

oceanic ridges, where clinopyroxene-rich lherzolites are representative of the 

lithospheric mantle (e.g. Bloomer et al. 1995; Dick and Bullen 1984; Nicholas and 

Le Pichon 1980; Boudier et al. 1988). 

5-tectonite fabrics are commonly observed in ophiolitic peridotites and 

indicate ductile shearing at an oceanic spreading centre (e.g., Nicolas and Le Pichon 

1980). The mineralogy, coarse igneous texture and Si fabric indicate deformation 

and equilibration to mantle temperature and pressure conditions (Shipboard 

Scientific Party 2004 in: Keleman et al. 2004). Patchy replacement of the primary 

texture and mineralogy with hydrous phylosilicates (serpentine) indicates that 

subsequent lower temperature hydrothermal activity followed. Preferential 



79 

serpentinisation within discrete, highly sheared zones (S2, S3) suggests that later, S2 

deformation was synchronous with retrograde metamorphism and high fluid activity. 

Due to the abundance of phyllosilicates and hydroxides the serpentinite has low 

internal cohesion, low friction and low density and is capable of migrating along 

crustal weaknesses (Boudier et al. 1988), to form serpentinitic shear zones up to --1 

km wide, outside the outcrop area of the Refahiye Complex. 

A later stage of hydrothermal mineralisation is recorded by veins, up to 10 

cm thick that cut the deformational fabrics of the serpentinite. The presence of 

carbonate minerals (e.g., calcite, dolomite, hydromagnesite) in the ophiolitic 

peridotites indicates that late-stage carbonatization occurred at 200-300°C (Schandl 

and Wicks 1993). Late meteoric fluids more readily pervade the rock along sheared 

zones and react with the serpentine, forming clay minerals within the highly sheared 

zones (Boudieret al. 1988). 

3.3.3 Cumulates 

Cumulates are well exposed in the deeply incised gorges on the northern 

flanks of the Erzincan pull-apart basin (Figure 3.3, 3.5). The cumulates crop-out in 

the middle of the complex, generally occurring between the outcrops of gabbro and 

sheeted-dykes to the south, and the serpentinised harzburgite to the north. Basic-

ultrabasic layering was observed in fault-bounded blocks and sygmoidal shear-pods 

within exposures of sheared serpentinite that also contain fragments of other 

ophiolitic lithologies (peridotite, gabbro, diabase dyke swarms, isolated diabase 

dykes and plagiogranite dykes). Sub-vertical dykes of microgabbro (--5 m) and 

hornblende-phyric andesite (<2 m) intrude the cumulates sub-parallel to the steeply 

oriented layering (observed at Iikpinar (Figure 3.3)). 

The layers ('-1 cm-2 m thick) are coarse-grained (2-3 cm) monominerallic 

adcumulates of olivine (dunite) or pyroxene (pyroxenite), or polyminerallic 

orthocumulates of olivine, pyroxene, plagioclase and accessory oxides that form thin 

layers of dunte, harzburgite, lherzolite, and pyroxene-rich gabbro. Dunite is 

commonly red due to replacement of olivine by iddingsite. Serpentine also 

commonly replaces olivine and pyroxene. Orthocumulates were seen to contain 

needles of fresh black pyroxene, up to 3 cm long. Despite the intense thrust faulting 
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and shearing a degree of local structural consistency is shown by locally constant 

sub-vertical orientation of cumulate layers in different fault blocks (e.g. 80°S1076°). 

The cumulates are interpreted as crystal concentrates that formed by 

fractional crystallisation of a basic magma body (Hall 1996). The volume of 

cumulates present (10%) implies that the body of basic magma remained at high 

temperature for a considerable period of time. Olivine, orthopyroxene and 

plagioclase were all liquidus phases. The melt continued to crystallize olivine, 

pyroxene and plagioclase and may have been repeatedly replenished. It is likely that 

the magma body formed by partial melting of the peridotites and was the source of 

diabase and plagiogranite within the Refahiye Complex. 

3.3.4 Gabbro 

Isotropic gabbro occurs as isolated outcrops and fault-bounded blocks in the 

central part of the complex north and west of Erzincan. Massive and coarse-grained 

(>5 mm) gabbro comprises <10% of the Refahiye Complex. In thin section 

interlocking crystals of clinopyroxene (<45%), plagioclase (<45%) and magnetite 

(10-25%) +1- pale green amphibole (<45%) are seen (Figure 3.23). Grains of 

plagioclase (labradorite) are mostly turbid. Pale green amphibole and bastite 

(serpentine) pseudomorphs commonly replace the pyroxene, and in some samples 

these have thick chlorite rims. Some samples contain anhedral, partially resorbed 

blebs of primary clinopyroxene adjacent to feldspar. Another petrographic feature is 

the presence of fibrous pale green hornblende pseudomorphs after clinopyroxene. 

Chlorite, iddingsite and serpentine pseudomorph rare olivine crystals. 

The anhedral texture of primary clinopyroxene crystals could have formed 

during re-equilibration of the gabbro at lower temperature than its initial 

crystallisation. The replacement of primary igneous pyroxene by fibrous pale green 

amphibole resulted from a late-stage hydrothermal process known as 'uralitization' 

(Allaby and Allaby 1990), or alternatively from low-grade hydrous metamorphism. 

Fluid activity is further evidenced by the turbid feldspars, clay mineral rims and 

pseudomorphs of hydrous phyllosilicates (chlorite, iddingsite and serpentine). 
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Figure 3.23. Photomicrographs of gabbro from the Refahiye Complex. 



3.3.5 Sheeted diabase dykes 

South of the T80 Highway an extensive outcrop ('-5 km wide) of sheeted 

dyke complex extends west of Erzincan towards Akta village and beyond (Figure 

2.2 and 3.3). The southern part of this complex exhibits metamorphic screens, 

whereas more northerly sections contain 100% dykes (Figure 3.5). In the southern 

part of the complex the dyke swarms exhibit chilled margins against metamorphic 

host rocks. Individual dykes are —1.5 m thick. Dyke contacts commonly trend 

roughly E-W or NW-SE, although the trend is highly variable. The rock is medium 

grained (l mm), with visible crystals of white feldspar, green amphibole and, less 

commonly, grey pyroxene. Large blocks and shear-pods (up to -75 m long) of 

multiple dyke swarms are found within a host of sheared serpentinite north of 

Erzincan (e.g. Iikpinar, Figure 3.5) where rare thin screens of chert were seen 

between the dykes. 

In thin section (Figure 3.25), the diabase is seen to contain 50% actinolite 

replacing clinopyroxene, 50% feldspar (primary labradorite An60 and secondary 

albite). Some samples are slightly porphyritic, with small phenocrysts (<0.5 mm) of 

turbid albite. The feldspars are turbid or altered. Actinolite has been partly replaced 

by chlorite. An ubiquitous accessory opaque oxide phase (magnetite?), rare sphene 

and, secondary calcite crystals were also observed. 

The aphyric doleritic texture of the sheeted dykes indicates coeval 

crystallization of both plagioclase and pyroxene together in roughly equal 

proportions. The magma did not fractionate at low temperature but rose rapidly from 

depth to the cool upper crust. The turbid texture of the feldspar, replacement of 

labradorite by albite (spilitization) and, of pyroxene by actinolite (uralitization), 

together with chlorite indicates greenschist facies, hydrous metamorphism, or late-

stage hydrothermal alteration. Experimental data (Mottl 1983) and observations from 

the Sarmiento ophiolite, Chile (Elthon and Stern 1978) suggest that the observed 

metamorphic assemblage is likely to have formed by reaction with seawater at 

approximately 200-450°C and 500-600 bars. These observations are compatible with 
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Figure 3.24. Photograph and sketch of sheeted dykes exposed north of Erzincan near 

Isikpinar. 



fibrous 
amphibole 

Figure 3.25. Photomicrograph of diabase from sheeted dyke complex. 



sea-floor hydrothermal metasomatism of the mid- to shallow-level oceanic crust 

(Elthon and Stern 1978; Mottl 1983). 

3.3.6 Isolated intrusions 

The serpentinised harzburgitic tectonite, gabbro and the metamorphic host 

rocks are intruded by isolated plagiogranite (trondhjemite), diabase and rare aplite 

and andesite dykes (0.15 m- 10 m). The isolated dykes commonly occur as trains of 

pulled-apart blocks which may be roughly equant, imbricated boudins, imbricated 

sigmoidal blocks, or lozenges in a matrix of fissile sheared serpentinite (Figure 3.26). 

The edges of some blocks exhibit a baked margin of metaserpentinite without a shear 

fabric. Isolated intrusions are found with chilled contacts against metamorphic 

basement, layered cumulates and sheeted diabase dykes. Some fault-bounded blocks 

contain fragmented swarms of dykes with evidence of multiple intrusion events; 

isolated intrusions commonly exhibit relatively undeformed but irregular igneous 

contacts. Igneous contacts were also observed between the various late-stage 

intrusions (aplite, diabase and plagiogranite). 
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Figure 3.26. Imbricated lozenges of isolated diabase and plagiogranite intrusions within 

a matrix of highly sheared serpentinite, south of Erzincan (gr: 143, 435875). 
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3.3.6.1 Plagiogranite dykes 

Plagiogranite (trondhjemite) dykes are small (<3 m) but fairly abundant 

within the Refahiye Complex (-5%). Plagiogranite bodies are commonly irregular 

and intrude peridotite, diabase and metamorphic hosts. These rocks are fine-grained 

with 5% small ('l mm) plagioclase phenocrysts in a groundmass of plagioclase and 

quartz. 

Figure 3.27. Photomicrograph of plagiogranite from an isolated intrusion within the 

Refahiye Complex. 

3.3.6.2 Isolated diabase dykes 

Diabase dykes are seen with chilled margins against plagiogranite, 

metamorphic and ultrabasic host rocks. These are fine- to medium-grained and 

contain -50% plagioclase and up to 50% secondary actinolite, which, together with 

minor amounts of bastite, have completely replaced primary pyroxene 

(orthopyroxene (enstatite); Figure 3.28). Minor amounts of chlorite and epidote are 

also present. Plagioclase crystals are turbid. 



Figure 3.28. Photomicrograph of uralitic diabase from an isolated intrusion within the 

Refahiye Complex. 

3.3.6.3 Late-stage aplite dykes 

Aplite dykes (2 cm to 2 in across) with needles (-5 mm) of black amphibole, 

set in a fine-grained pale greenish-grey groundmass, occur as fragmented isolated 

bodies with the ultramafic and metamorphic host rocks described above. Chilled 

margins against trondhjemite and diabase dykes were again observed, suggesting 

late-stage emplacement of the aplite dykes. 

More silica-rich rock compositions do not alter to hydrous phyllosilicates 

such as serpentine, which are more readily deformed (Best 2003). Thus, the silica-

saturated, oversaturated and evolved isolated intrusions remained coherent 

throughout the combined hydrothermal/deformational event that is so clearly evident 

in the serpentinised ultrabasic host rock. Their occurrence as pulled-apart blocks 

indicates that they were intruded before the hydrothermal and deformational event. 
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Deformation of the serpentinite host-rock is likely to have been coeval with its 

alteration (serpentinisation; section 3.3.2). The lack of internal deformation and 

serpentinisation of the isolated intrusions should not be taken to suggest that the 

intrusive event post dates serpentinisation or deformation of the host rock. 

Small isolated tholeiitic dykes intruding an ultrabasic host (harzburgitic 

tectonite and ultraniafic cumulates) are rare in ophiolites but are however commonly 

observed in many of the Tauride ophiolites (e.g. Mersin, Beyehir, Lycian, Tekirova, 

Antalya (Collins and Robertson 1998; Dilek et al. 1998; Andrew and Robertson 

2001; Robertson 2002). These are all supra-subduction zone (SSZ)-island arc 

tholeiite (TAT) type and are interpreted as the products of incipient volcanic arc 

magmatism. 

3.3.7 Metamorphic rocks 

Southern sections of the Refahiye Complex include screens of schist, gneiss 

and marble. The main outcrops are found toward the southern side of the sheeted 

dyke complex, and are best exposed west of Erzincan on the road from çatalarmut to 

Goyne and Baltai (Figures 3.2 and 3.5). The relationship of these rocks to the rest of 

the ophiolite is complicated by neotectonic strike-slip faulting in this area. Individual 

outcrops of the metamorphic rocks range in extent from <1 in to >1 km. 

The proportion of metamorphic rocks present within the sheeted-dyke 

complex varies locally. Metamorphic rocks are estimated to comprise 15% of the 

total sheeted dyke complex. The igneous contacts between the dykes and the host 

lithologies are commonly highly irregular. Metamorphic fabrics (banding, 

schistosity) are cross-cut by the intrusions. The original structure is complicated by 

polyphase thrusting and strike-slip deformation. 

A range of metamorphic lithologies are present within the ophiolite. They 

include quartzo-feldspathic and pelitic schists, grey crystalline massive and schistose 

marble, and highly deformed banded amphibole schists (Figures 3.29 and 3.30). 
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Figure 3.29. Thin screen of highly strained amphibolitic gneiss within the Refahiye 

Complex near Goyne (gr: 142, 228067). 
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Figure 3.30. A thick (>lOOm) screen of massive crystalline marble within the Refahiye 

Complex (in contrast to the dark brown landscape in the background), typical of the 

surrounding outcrop of basic and ultrabasic lithologies. Near Aktas (gr: 142, 070035). 



These rocks occur as screens ('-1 m to '-100 m wide) between dense swarms of 

diabase dykes. 

An assemblage of quartz + feldspar + biotite + amphibole is present in the 

quartzofeldspathic schist. Abundant quartz and feldspar show irregular sutured grain 

boundaries and strained extinction patterns. Brown biotite and green-brown 

amphibole (<2 mm) exhibit a preferred orientation between small (2 mm) lenses of 

100% quartz (Figure 3.31). Amphibole-rich schists exhibit felsic-mafic mineral-

layering and contain the assemblage: amphibole + plagioclase + clinopyroxene + 

epidote + chlorite + muscovite ± quartz ± sphene ± biotite. Quartz and feldspar 

aggregates exhibit 'bearded' pressure-shadows with growths of mica, or form lenses 

and augen. These schists commonly show flaser textures. Marble occurs as thin beds 

between fissile pelitic schists and also as thick ('-S  lOOm) screens of massive 

crystalline marble (Figure 3.30). Figure 3.30 shows a typical field occurrence of the 

marble which has been intruded by dense swarms of diabase dykes and heavily 

deformed by thrusts and strike-slip faults. 

epidcte 

Figure 3.31. Photomicrograph of amphibolite schist from within the sheeted dyke 

complex of the Refahiye Complex; near Goyne (gr: 142, 222065). plag = plagioclase, cpx 

= dlinopyroxene, hbl = hornblende. 
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33.8 Whole-rock geochemistry of diabase dykes 

Tectonic discrimination is a useful geochemical method for identifying the 

original tectonic setting of ancient basic volcanic rocks, especially where other 

geological observations are ambiguous. The principle behind the most successful 

methods of tectonic discrimination is the comparison of trace element concentrations 

in the unknown rock with their concentrations in present-day volcanic rocks of 

known tectonic settings (Pearce and Cann 1973). 

Twenty five rock samples of basic intrusions that appeared to exhibit a low 

degree of alteration in hand specimen were collected from the Refahiye Complex and 

analyzed by X-Ray Fluorescence (XRF) to determine whole-rock major and trace 

element compositions. The data are used in this chapter to classify the rocks and 

make appropriate geochemical comparisons with rocks from modern tectonic 

settings. 

3.3.8.1 Method 

Basaltic samples were collected in the field, which appeared to be relatively 

unaffected by hydrothermal alteration or weathering. The samples were taken from 

isolated and sheeted diabase and basaltic dykes. They were then analysed for 10 

major and 15 trace elements at the Edinburgh University School of GeoSciences 

using a Phillips PW2404 wavelength-dispersive, sequential X-ray fluorescence 

spectrometer. For details of the sample preparation, analytical method, accuracy and 

precision of the data see Appendix 2. Sixteen analyses gave a total major element 

wt.% outside the range 99-100.5% and were not useful in the interpretation because 

this could be due to either a hydrous magma source or post-crystallization hydration 

during metamorphism and/or alteration. The geochemistry and petrogenesis of the 

remaining nine analyses will be discussed in the following section. 

The objective here is to investigate the processes that have led to the 

petrogenesis of the Refahiye Complex. This principally means understanding the 

conditions of melting, and requires a determination of the 'primary' magma 

composition. Thus, the affects of subsequent magmatic evolution, and alteration by 
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fluids during hydrothermal metasomatism ('sea-floor metamorphism') or weathering 

need to be identified and taken into account. 

To obviate the effects of fractional crystallization only fine-grained aphyric 

samples were analysed. After analysis geochemical limits on the degree of evolution 

and alteration of the samples were applied. The widely accepted limit for silica (Si02  

wt.%) in unaltered igneous rocks is <75% (Brown 1997; Pearce 1973; Best 2003). 

Basalts have Si02  <54 wt.% (Pearce and Cairn 1973). None of the samples showed 

silica enrichment beyond this limit. Unaltered basic igneous rocks should have 

MgO+CaO values in the range 12-22wt.% (Pearce and Cairn 1973). Thus, only 

whole-rock analyses with Si02  values below 54 wt.%, and MgO+Ca02  within the 

range 12-22 wt.% were used here to investigate primary magma composition. The 

nine acceptable analyses are classified geochemically and compared with analyses 

from known tectonic settings by use of various 'discrimination' diagrams in the 

following section. 

Judd (1886) and Harker (1909) postulated the existence of different 

petrogenetic provinces long before tectonic theory allowed later workers (e.g. Pearce 

and Cann 1973) to investigate the underlying processes that control petrological and 

geochemical variety in igneous rocks. What were once empirical distinctions are now 

more securely based on an appreciation of the controls of mantle source 

characteristics, degree and conditions of melting for different tectonic settings 

(Rolinson 1993; Brown 1997). There has been much geochemical research into 

igneous petrogenesis, the details of which are beyond the scope of this study; 

however, as a result, there now exists a variety of geochemical means for 

discriminating between different tectonic settings of eruption. The analyses are first 

assessed geochemically for their usefulness in tectonic discrimination diagrams. 

Then, several suitable discriminant plots are used to compare the analyses with data 

from known modern tectonic settings using well established diagrams. 

3.3.8.2 Classification 

The nine available whole-rock geochemical analyses of the basic igneous 

intrusions from the Refahiye Complex are presented in Appendix 3. Figure 3.32 is a 
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Figure 3.32. Relatively unaltered samples from the sheeted dyke complex of the 

Refahiye Complex plotted on the total alkali-silica (TAS) diagram (Le Maitre et al. 

1989). 

plot of total alkali elements versus silica (TAS; Le Maitre et al. 1989), showing the 

range of rock types and the degree of magmatic evolution of the nine basic igneous 

samples. The TAS diagram shows most of the samples to be of basaltic to slightly 

alkalic compositions. 

Field and petrographic evidence from the Refahiye Complex as a whole 

attests to the variable degree to which alteration has affected the unit (sections 3.3.2 

and 3.3.5). The basic igneous rocks are preserved as spilite, uralite, chlorite-rich 

basalt and relatively unaltered basalt. K20, Na20 and Si02  are inferred to be 

potentially mobile during the P- T conditions of metamorphism and/or hydrothermal 

alteration indicated by the mineral assemblages observed (sections 3.3.5 and 3.3.6; 

Loughman 1969). Thus, a more meaningful classification is provided by plotting 

components that are known to be immobile under greenschist facies hydrothermal 

and metamorphic conditions. A useful plot for classifying potentially altered basic 

rocks uses the relatively immobile trace elements Ti, Nb, Y and Zr (Winchester and 
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Figure 3.33. Classification of basic igneous intrusions from the Refahiye Complex using 

immobile trace elements (Zr/Ti versus NbIY). Diagram from Winchester and Floyd 

(1977). 

Floyd 1977). On the basis of immobile trace elements the samples plot in the fields 

for sub-alkaline basalts, basalt/andesite and andesite with no distinction between 

isolated and sheeted dykes (Figure 3.33). 

3.3.8.3 Variation diagrams 

Figure 3.34 shows variation diagrams (Harker 1909) for Ni/Mg, Zr/Nb, Cr, 

MgO and Cr/Ni, all elements known to be immobile; they show good geochemical 

coherence among the samples. That such elements do not vary independently of each 

other suggests that concentrations of these elements in the samples were not affected 

by metamorphic, alteration or weathering processes and indicates that the samples 

are part of a co-magmatic suite, forming part of a series of rocks originating from a 

similar parental source and related by fractional crystallisation. The affect of 

alteration and weathering on the concentrations of other elements can be assessed by 

plotting the data for an element that is known to be immobile against the potentially. 
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3.38.4 Tectonic discrimination 

For investigations of tectonic processes the most meaningful classification of 

volcanic rocks is one based on the original tectonic setting of their eruption. Pearce 

and Cann (1973) defined the following four major groups of basalts by considering 

the major tectonic regimes: 

Ocean floor basalts (diverging plate margins). 

Volcanic arc basalts (converging plate margins). 

Ocean island basalts (within-plate oceanic crust). 

Continental basalts (within-plate continental crust). 

In addition, basalts from ocean-floor and within-plate eruptive settings may 

be either tholeiitic or alkalic, while volcanic arc basalts are subdivided into low-K 

tholeiite, calc-alkali basalt and shoshonite (Peccerillo and Taylor 1976). Later 

workers used additional subdivisions (e.g. backarc). Many studies of the 

geochemistry of recent volcanic rocks from the major tectonic settings have been 

undertaken and suitable elements, which discriminate between samples from each 

magma type and which retain their discriminating power in metamorphosed and 

altered rocks have been identified (e.g. Pearce and Cairn 1973; Winchester and Floyd 

1979; Shervais 1982; Pearce 1982; Pearce 1983; Meschede 1986). Suitable elements 

for characterizing magma types must ideally: 

. 	"Have a greater variation in concentration between samples of different 

magma types than between samples of the same magma type." (Pearce and Cann 

1973). 

"Be insensitive to secondary processes such as weathering and 

metamorphism." (Pearce and Cann 1973). 

"Be easy to measure with good reproducibility of results." (Pearce and Cairn 

1973). 

Some ophiolites have been interpreted as emplaced backarc basin crust (e.g. 

Sarmiento, S. Andes, Dalziel 1974; Lachlan Orogen, Spaggari et al. 2003). When the 

Ti/Zr/Y diagram (Figure 3.36) was developed in 1973 there were insufficient data 

available for any chemical difference between basalts formed at mid-oceanic ridges 

and those occurring in subduction-related settings, e.g. backarc basins to be 



established. Later workers (e.g. Weaver et al. 1979; Pearce 1982) began to identify 

geochemical differences between backarc volcanics and mid-ocean ridge basalt. 

Ti, Zr and, Y are incompatible and immobile trace elements and, as such are 

useful in tectonic fingerprinting of ancient volcanic rocks (Cann 1970). The scaling 

factors (Ti/100, Y*3)  serve to bring the points into the centre of the triangle. The 

Ti/Zr/Y diagram (Pearce and Cann 1973; Figure 3.36) shows compositional fields for 

ocean island and continental basalts, ocean-floor basalts, low-K tholeiites and calc-

alkali basalts. On the Ti/Zr/Y diagram the isolated dykes and sheeted dykes analyzed 

from the Refahiye Complex plot in the fields of ocean floor basalts and low-

potassium tholeiites (i.e. arc), with none in the within-plate field. 

TO 00 

Zr 

isolated dykes 

sheeted dykes 

Yx3 

Figure 3.36. Isolated and sheeted diabase dykes from the Refahiye Complex plotted on 

the ternary Ti/Zr/Y discrimination diagram (Pearce and Cann 1973). Within-Plate 

basalts field D, ocean-floor basalts in field B, low-potassium tholeiites in fields A and B, 

caic-alkali basalts in fields C and B. 

Island arc tholeiites are characterized by a low content of immobile 

incompatible trace elements for a given degree of fractionation (Pearce 1982). 

Discrimination diagrams which plot an index of fractionation (e.g. Cr, Ni) against an 

immobile but relatively compatible element (e.g. Ti, Y) can be useful for 

distinguishing between island arc tholeiite and MORB (e.g. Pearce 1975; Garcia 



1978; Sharaskin et al. 1980). Cr and Y are compatible trace elements in garnet 

lherzolite and so their abundances in magma source regions are unaffected by mantle 

enrichment and depletion events (Pearce 1982). Therefore, Pearce (1982) postulated 

that most basaltic magmas were derived from a mantle source with primordial 

abundances of Cr and Y. This implies that variations of the abundances of Cr and Y 

in basalts result from differences in their partial melting and fractional crystallization 

histories. On a Cr/Y basalt discrimination diagram (Figure 3.37) volcanic arc basalts 

are well separated from mid-ocean ridge basalts. There is some overlap between the 

within-plate basalt, MORB and volcanic arc basalt fields. 

In Figure 3.37 data from the Refahiye Complex plot roughly within the field 

of MORB. However, one sample has a lower Y content than MORB and falls in the 

volcanic arc field, while two samples show lower Cr values than MORB and fall in 

the within-plate basalt field. The low Cr values could possibly be explained by 

crystal fractionation. 

It is generally agreed that Ti and Zr concentrations are insensitive to 

processes of alteration (Cann 1970). A simple Ti/Zr plot can be useful for 

discriminating basalts which are altered or metamorphosed (Pearce 1973). Figure 

3.38 shows that analyses of basic dykes from the Refahiye Complex fall into two 

groups: ocean floor basalts and low-K tholeiites. This is consistent with the Ti/Zr/Y 

ternary plot (Figure 3.36). 

An alternative diagram uses log Ti/log Zr (Pearce 1981). The data again fall 

into two distinct groups, one close to the field for volcanic arc lavas and one well 

within the field of MORB (Figure 3.39). 

Pearce (1983) showed that geochemical analyses of basalts from destructive 

plate boundaries can be subdivided into their upper mantle and subduction derived 
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Figure 3.37. Isolated and sheeted diabase dykes from the Refahiye Complex plotted on 

the Cr-Y discrimination diagram (Pearce 1982). 
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Figure 3.38. Isolated dykes and sheeted diabase dykes from the Refahiye Complex 

plotted on the Ti/Zr discrimination diagram (Pearce and Cann 1973). Ocean-floor 

basalts plot in fields D and B; low-potassium tholeiites in fields A and B, and calc-alkali 

basalts in fields C and B. 
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Figure 3.39. Isolated dykes and sheeted diabase dykes from the Refahiye Complex 

plotted on the log Ti/log Zr discrimination diagram (Pearce 1982). Ocean-floor basalts 

plot in fields D and B; low-potassium tholeiites in fields A and B, and calc-alkali basalts 

in fields C and B. 

components. Rb, K, Ba, Th and Sr are slab-derived while Ta, Nb, Ce, P, Zr, Hf, Sm, 

Ti, Y and Yb originate in the mantle. A useful bivariate plot that separates these 

components is the Zr/Y against Zr diagram (Figure 3.40). Figure 3.40 uses Y as a 

normalizing factor to eliminate variations due to partial melting and fractional 

crystallization (Pearce 1983). 

Analyses of basic dykes from the Refahiye Complex all lie within the 

compositional field of island arc basalts on Figure 3.40. The two clusters lie along a 

vector corresponding to either within-plate type enrichment or fractional 

crystallization. Figure 3.40 discriminates between continental and oceanic arcs but 

does not distinguish between the involvement of sub-continental lithospheric mantle 

or within-plate type enrichment, nor does it distinguish alkalic from tholeiitic 

compositions. However, Figure 3.36 shows that the analyses clearly do not show 

within-plate-type compositions. 
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Figure 3.40. Isolated and sheeted diabase dykes from the Refahiye Complex plotted on 

the Zr/Y versus Zr discrimination diagram (Pearce and Norry 1979). 

The bulk partition coefficient for vanadium in a crystallizing assemblage of 

liquid, pyroxene and magnetite varies by over two orders of magnitude as a function 

of oxygen fugacity (Lindstrom 1976; Shervais 1982). Because Ti is an immobile 

incompatible cation, Ti/V ratios are dependant upon the degree of partial melting and 

oxygen fugacity in the mantle. There is a generally coherent variation in V/Ti ratios 

between different major tectonomagmatic environments. High V/Ti ratios (20-50) 

are observed in basalts from mid-ocean ridges and ocean islands (Shervais 1982). 

Geochemical modeling suggests that these are consistent with 20-30% partial 

melting under relatively reducing conditions. Lower V/Ti ratios are observed from 

volcanic arc basalts and for a 20-30% partial melting require more oxidizing 
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conditions, consistent with melting of a mantle wedge overlying a devolatizing, 

subducting lithospheric slab. However, magnetite fractionation strongly alters the 

Ti/V ratio and its role needs to be first assessed by plotting Ti against Si02 or 

FeO*/MgO. 

Hydration, precipitation or leaching of other elements may increase the 

concentration of Ti and/or V. However, it has been shown that in most cases Ti and 

V behave coherently during seawater alteration and the ratio does not significantly 

change (Shervais 1982). Ti and V are stable over a wide range of metamorphic 

temperatures and water/rock ratios, with Ti/V being unaffected by chloritization or 

silicification (Shervais 1982). 

On a bivariant plot of Ti against V (Figure 3.41) analyses of MORB are 

confined to ratios between 20 and 50 while alkali basalts and ocean islands have 

ratios generally higher than 50. Island arc tholeiites have Ti/V ratios <20 and there is 

a minor overlap with MORB compositions on the Ti/V diagram. Suites of arc 

tholeiite series rocks are distinguished from MORB as they lie along a steep vector 

(that coincides with the chondritic trend). Backarc basin basaltic rocks occupy a 

broad compositional field that overlaps both volcanic island arc and MORE 

compositions. These basalts tend to show less enrichment of Ti and V (Shervais 

1982). 

Data from the Refahiye Complex plot in two clusters. One is clearly an island 

arc tholeiite series while the other falls within the MORB and backarc basin 

compositional field. Because the fields for island arc tholeiite and MORB/backarc 

basins overlap the two groups of data display Ti/V ratios consistent with a backarc 

basin origin. 
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Figure 3.41. Isolated dykes and sheeted diabase dykes from the Refahiye Complex 

plotted on the V/Ti discrimination diagram (Shervais 1982). 

Nb, Zr and Y are all immobile incompatible trace elements and thus useful 

for distinguishing magma types. Nb is particularly sensitive to mantle enrichment 

and depletion processes (Meschede 1986). The Nb/Zr/Y diagram (Figure 3.42) is 

only useful for distinguishing different types of tholeiites and not for alkalic 

compositions. The Nb/Zr/Y diagram is particularly useful for distinguishing 

continental tholeiites from normal mid-ocean ridge basalt. 

Data from the Refahiye Comlex, plotted on the Nb/ZrY diagram (Figure 

3.42) fall in the MORE field. 

Figure 3.43 uses Nb to distinguish between N-MORE and Icelandic (plume-

type) basalt. This approach exploits the unusual behaviour of Nb during the melting 

processes responsible for depletion of the upper mantle (Fitton et al. 1997). This is 

the only diagram on which the sheeted dykes and isolated dykes seem to form 

individual groups. The sheeted dykes all plot just within the Icelandic basalt field, 

while the isolated dykes all plot below the Iceland array, having N-MORE 

compositions. 
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Figure 3.42. Isolated dykes and sheeted diabase dykes from the Refahiye Complex 

plotted on the NbIZrIY discrimination diagram (Meschede, 1986). Al and All = within-

plate alkali basalt compositional field, B = plume-influenced MORB compositional 
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Figure 3.43. Nb/V against Zr/V variations (Fitton 1997) for basic isolated and sheeted 

dykes from the Refahiye Complex. Lines define the array for Icelandic basalts. 
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3.3.8.5 Multi-element plots. 

Another way to compare the analyses of basalts from different settings is to 

plot their geochemical patterns with a typical mid-ocean ridge basalt as a 

normalizing factor (Figure 3.44). The elements in these plots are arranged according 

to their ionic potential (charge/radius). Large-ion lithophile elements (LILE; Sr, K, 

Rb, Ba) lie to the left hand side of the diagram, whilst high field strength elements 

(HFSE, Th to Cr) are to the right. The degree of incompatibility with 'fertile' garnet 

lherzolite decreases from Ba, Th, Ta, Nb towards the two ends of the plot. Pearce 

(1982) summarized the main features that distinguish basalts erupted in volcanic arc 

settings from those of mid-ocean ridge, Within-Plate, or 'anomalous' settings. Three 

characteristic features of volcanic arc basalts are as follows: 

Enrichment of Sr, K, Rb, and Ba (sometimes Th also) relative to the elements 

Ta to Cr. These elements are distinguished by their low ionic potential 

(charge/radius) and have a tendency to be mobilized by aqueous fluids either during 

subduction or subsequent metamorphism and alteration (Pearce 1982). 

Low abundances of elements with a high ionic potential relative to N-MORB 

tholeiite composition. This includes elements that are enriched during fractional 

crystallization (e.g. Th to Yb) and elements that are depleted during fractional 

crystallization (Cr) (Pearce 1982). 

Calc-alkaline basalts and shoshonites also display a selective enrichments of 

Th, Ce, P and Sm (Pearce 1982). These are associated with mature subduction zones 

(Saunders and Tarney 1984). 

Negative Nb anomaly. 

The above characteristics result from the fractionation of trace elements 

which occurs in a subduction zone environment where melting or dehydration of the 

slab is thought to preferentially release mobile, incompatible, LILE, Th and Cc but 

not Nb into the overlying mantle wedge, and ultimately SSZ magmas. This 

fundamental differentiation results in the separation of a slab-derved component 

(SSZ magmas and continental crust) from the subducted oceanic lithosphere, i.e. the 

Residual Slab Component (Saunders et al. 1988). Nb fractionation can be explained 

by the stabilization of Ti-rich minor phases (sphene, rutile) within the basaltic 

oceanic crust. These phases may sequester Nb and Ta, whilst LILE (K, Rb, Ba, Th, 
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La, Ce, Pb) will preferentially enter the fluid phase and migrate into the overlying 

wedge (Saunders et al. 1988). The overlying mantle wedge is the source of 

ophiolitic, island-arc and calk-alkaline magmas, which are enriched in LILE's and 

thus show Nb and Ta depletion. The exact composition of the residual slab is 

unknown; however, it is likely to have high Nb and low LILE contents. It has been 

postulated that this residual slab component forms a major contribution to OIB and 

E-MORB (Hofmann and White 1982; Saunders et al. 1988). 

Whole-rock geochemical analyses of samples from the Refahiye Complex are 

plotted on a multi-element diagram, (Figure 3.44). The analyses again, fall in two 

groups. One group of samples exhbits flat-lying patterns close to unity (i.e. the 

normalizing factor, N-MORB). The flat-lying patterns represent bulk chemical 
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Figure 3.44. MORB-normalized multi-element abundances for unaltered basic dykes 

from the Refahiye Complex. Normalizing values: Sr = 120 ppm; K20 = 0.15% ; Rb = 

2.0 ppm; Ba = 20 ppm; Nb = 3.5 ppm; La = 3 ppm; Ce = 10 ppm; Nd = 8 ppm; P205  = 

0.12% ; Zr = 90 ppm; Ti02  = 1.5% ; Y =30 ppm; Sc =40 ppm; Cr = 250 ppm (Pearce 

1973). 

compositions similar to MORB, corroborating the MORB-like cluster of data points 

observed in the discrimination diagrams above (Figures 3.38 to 3.41). Samples 

P001/119, P002/E3, E8, P003/131, and 148 show a depletion of the high field 
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strength (HFS) elements and slight enrichment of LILEs Sr, K, Rb and Ba. This latter 

group also shows a negative Nb anomaly. These are distinctive features of 

subduction-influenced basalt geochemical patterns. This group of samples 

corresponds to the cluster of volcanic-arc type basalts identified on the 

discrimination diagrams above (Figures 3.38 to 3.41). There seems to be no 

correlation between whether dykes are of Volcanic Arc Basalt (VAB) or MORB type 

and whether they occur as sheeted or as isolated dykes. There is no obvious pattern 

to the spatial distribution of VAB and MORB types. 

3.3.86 Chromian spine! chemistry 

Chromian spinel is an ubiquitous phase within the serpentinised harzburgite, 

occurring as vermicular intergrowths and 'amoeboid' grains interstitial to olivine and 

pyroxene. These spinels probably form during incongruent melting of 'fertile' 

peridotite to produce a calcic pyroxene-rich melt leaving an olivine and Cr spinel-

rich residue (Dick and Bullen 1984). 

Chrome spinel grains from five samples of serpentinised harzburgite from the 

Refahiye Complex were analysed using a Cameca SX100 electron microprobe at the 

School of GeoSciences, University of Edinburgh. For details of the systems 

operating conditions see Reed (1975). The instrument was fitted with five 

wavelength-dispersive spectrometers and operated with gun potential at 20 Ky. The 

probe current was measured in a Faraday cup of 20 nA and a focused beam was used. 

Standards used were a selection of Specpure metals, simple synthetic oxides crystals 

and simple silicates. Fe3+ concentrations were calculated stoichiometrically 

following the method of Droop (1987). 

The ratios of Cr# (Cr*  1 00/(Cr+Al)) and Mg# (Mg*  1 00/(Mg+Fe2 ) allow 

peridotites formed in a MOR-type setting to be discriminated from those formed in a 

SSZ-type setting (Dick and Bullen 1984). The main constituents of spinel (Mg,Fe2 ) 

(Cr,A1,Fe3 )204  behave differently during partial melting or crystallisation, with Cr 

and Mg partitioning into solid phases and Al into the melt (Dick and Bullen 1984). 

Five samples of spinel-bearing serpentinised harzburgite collected from the 

Refahiye Complex were selected for microprobe analysis. Multiple analyses were 

made of the cores and rims of 12 or more individual spinel grains in each sample. 
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The data are shown on Figure 3.45. Of five samples from the Refahiye Complex, 

four (OEP1, OEP2, OEP4 and OEP5) fall within, or close to, the field of abyssal 

spinel peridotites, whereas one from the ophiolite (OEP3) exhibits a much higher 

Cr#. Samples OEP 1, OEP3 and OEP5 were collected from a 3 km-long transect of a 

single peridotite thrust sheet. 'Where multiple grains were analysed from single 

samples, each sample falls clearly within one of the two petrogenetic types. A 

marked compositional variation is observed within the single thrust sheet, where 

several samples were analysed along strike. Such variation is not known within 

abyssal peridotites, but is observed in ophiolitic peridotites and is consistent with the 

variable depletion and enrichment trend found in chromites within peridotites 

dredged from backarc basins (e.g. Dietrich et al. 1978; Saunders and Tarney 1984; 

Barker et al. 2003). 

Dick and Bullen (1984) divided Alpine peridotites into three types based on 

spinel compositions. Type I peridotites contain spinels with Cr#<0.60; type II 

peridotites are a transitional group covering the range of compositions of both type I 

and type III; and type III peridotites have Cr#>0.60. The ophiolitic peridotite of the 

Refahiye Complex is clearly a type II peridotite. Dick and Bullen (1984) showed that 

the analogous modem setting for type I peridotites is oceanic lithosphere formed at 

mid-ocean ridges. They infer a sub volcanic arc setting for type III peridotites and 

suggest a composite origin for the petrogenesis of type II peridotites. The most likely 

composite setting is a backarc basin. 

3.39 Discussion: petro genesis and tectonic setting 

As is the case with other ophiolite complexes, the Refahiye Complex exhibits 

a petrologic association and structure resembling oceanic crust. Mafic/ultramafic 

cumulates attest to a fractionating basic magma body at depth, which is likely to have 

fed the sheeted diabase dykes, isolated diabase dykes and, plagiogranite dykes which 

occur higher in the pseudostratigraphy. However, the data presented in this chapter 

highlight considerable petrologic and geochemical differences between the Refahiye 

Complex and normal mid-oceanic lithosphere. 
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Figure 3.45. Cr# ((Cr*100)/(Cr+Al)) versus Mg# ((Mg*100)/(Mg+Fe2 ) for spinels from 

peridotites in the Refahiye Complex, Eastern Pontides. Fields for Troodos, backarc 

basins (BAB) alpine-type peridotites, abyssal peridotites, and European alpine type 

peridotites are marked (Dick and Bullen 1984). Sample locations: OEP1, OEP3 and 

OEP5: Sakultan Gecedi; OEP2: Mercidiye; OEP4: Akta; MEP1: Avcilar (see Figure 

3.2). 

The ultramafic rocks from the Refahiye Complex are clinopyroxene-poor 

harzburgites. Mineralogic and trace element characteristics of the harzburgaites are 
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consistent with them being the mantle residue left after extraction of island-arc 

tholeiitic or boninitic type magmas (Pearce et al. 1992). 

Geochemical patterns of relatively unaltered alkali basalts and basaltic 

andesites from the Refahiye Complex fall into two groups and, in addition to patterns 

lying close to N-MORB, display characteristics typical of volcanic arcs. The patterns 

may be explained in terms of four processes which are likely to act in combination at 

subduction zones (Pearce 1982). Oceanic crust is known to become hydrated during 

sea-floor metamorphism. The selective enrichment in incompatible elements of low 

ionic potential is thought to be due to the input of aqueous fluids from subducted 

oceanic crust into the overlying mantle wedge. This may also be explained by the 

addition of small amounts (<1% of the island arc basalt source) of subducted 

sediment to the mantle source region (Saunders and Tarney 1984). The low 

abundances of incompatible elements of high ionic potential may be modelled in 

terms of high degrees of melting, stabilization of residual oxide phases, or re-melting 

of previously depleted mantle (Pearce 1982). These processes are all likely to occur 

in a subduction zone environment (Pearce 1982). 

When plotted on various basalt discrimination diagrams the samples again 

tend to fall into two groups. One group consistently plots in the fields of MORB or 

'ocean-floor basalt', while another group plots in fields of low-K tholeiite, 'arc 

lavas', 'island are basalts', island arc tholeiites or 'volcanic arc basalts'. The two 

geochemical groups do not appear to correspond to any spatial or structural pattern 

within the complex and there is no chemical distinction between the isolated and 

sheeted dykes. 

The presence of metamorphic host rocks (schist, gneiss and marble) within 

the complex provides the most striking evidence that this unit was not formed in a 

mid-oceanic setting within a wide ocean, but is likely to have developed adjacent to a 

continental margin. Plagiogranite and diabase dykes intruding peridotites are fairly 

rare in ophiolites, but are seen in the Arakapas transform zone (Cyprus), and the 

Coast Range (New England). These occurrences have both been interpreted as leaky 

transform faults (Dilek 2003). Plagiogranites and rhyodacite also occur in ensialic 

marginal basins such as the Rocas Verdes marginal basin ophiolite (Stern and de Wit 

2003) and the Bransfield Strait, but have not been recovered from ensimatic marginal 
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basins. Although no extrusives or sedimentary rocks are preserved within the 

complex the diabase dykes presumably fed surface eruptions (Dalziel 1974). 

The geochemistry of the Refahiye Complex is transitional between that of 

MORB and volcanic arc basalts, a feature that is typical of supra-subduction zone 

ophiolites. Basalts retrieved from backarc basins also show this transitional 

geochemistry (Weaver et al. 1979). In backarc basins the high AH20 combined with 

active extension gives rise to a high degree of melting and depletion of the source. 

These processes, together with localised enrichment of the source region in LILEs by 

fluids migrating from the slab may combine to produce the spectrum of MORB and 

volcanic arc magma types, as observed in both backarc basins and supra-subduction 

zone ophiolites. The degree of LILEs enrichment in supra-subduction zone ophiolites 

is thought to be dependant on the maturity of the adjacent subduction zone (Saunders 

and Tarney 1984). 

Replacement of primary mafic minerals by serpentine and amphibole group 

minerals in basic and ultrabasic rocks from the Refahiye Complex is evidence of 

late-stage hydrothermal activity. Geochemical analysis of the samples reveals the 

preferential mobilization of LIL elements in the altered samples. Textural 

relationships indicate that this hydrous metamorphism was retrogressive and syn-

deformational, post-dating all intrusive events in the Refahiye Complex. 

3.3.10 Summary 

The main exposure of the Refahiye Complex in the north is interpreted as a 

disrupted, but originally complete section of oceanic lithosphere and lithospheric 

upper mantle, of which the upper extrusive levels are not preserved. 

The metamorphic host rocks within the ophiolitic Refahiye Complex are comparable 

with the Upper Palaeozoic-Lower Mesozoic metamorphic basement of the Pontides 

(e.g. Dogankavak Unit; Topuz et al. 2004). The presence of igneous contacts 

between diabase dykes and their metamorphic host rocks, therefore, indicates that the 

ophiolite did not form in an open-ocean setting, but instead within a rifted 

continental margin. 

The cross-cutting dykes are inferred to be related to the adjacent exposures of 

100% sheeted dykes. They are unlikely to represent fragments of older dyke-rich T. 
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Ustaömer, pers comm. 2004). metamorphic basement, as exposed in some parts of 

the Pontides (e.g., Artvin region; 

The petrology and geochemistry of the ophiolite have the characteristics of 

known backarc basins. 

34 Late Mesozoic accretionary complex: Karayaprak Mélange 

This ophiolitic mélange unit occurs at several different structural levels 

within the thrust stack, forming discrete slices, up to 4 km thick (Figure 3.46). Here 

the mélange is described in terms of lithological associations of blocks. Outcrops are 

generally bounded by north-dipping thrust faults or shear-zones (Figure 3.46). 

Outcrops of the Karayaprak Mélange become progressively larger and more 

abundant towards the south of the area. In the south, near Kemah (Figure 3.46), the 

mélange tectonically overlies the basinal Ayikayasi Formation (Section 3.2). The 

unit is unconformably overlain by Palaeocene-Eocene sedimentary rocks (Sipikor 

Formation; Figure 3.46) that postdate suturing, as seen in small exposures, both north 

and south of Erzincan (Section 3.7). 

The mélange is a tectonised mixture of blocks and slices. The blocks range in 

size from several metres to> 2 km. Blocks are commonly tectonically juxtaposed, or 

are separated by scaly sheared serpentinite, fault breccia, gouge or mylonite. Less 

commonly, the blocks are olistoliths supported within a deformed sedimentary 

matrix, e.g. 1 km east of Kömür village (gr: t42, 350199) (Figure 3.47). Two 

lithological associations are recognised within the Karayaprak Mélange; 

basalt+radiolarian chert, pelagic limestone or mudstone. 

basalt+massive limestone. 

Other common components in the mélange include serpentinite, gabbro and diabase 

(ophiolitic association). Less common lithologies include volcaniclastic shale, 

lithoclastic sandstone, conglomerate and amphibolite (matrix association). Fissile, 

sheared serpentinite also occurs along shear zones and as a matrix to mafic and 

ultramafic blocks. 

Pelagic carbonate blocks in the mélange yielded planktonic foraminifera (e.g. 

Globotruncana linneiana (D'ORBIGNY), Archaeoglobigerina sp., Calpionella 

alpine (LORENZ), Calpionella elliptica (CADISH) and calpionellids) of Early 



114 

Cretaceous (Berriasian) age (Prof. Izver Ongen, Prof. Kemal Ta1i and Prof. Nurdan 

tnan pers. comm. 2004; Appendix 1). 

Recrystallised MnO (pyroleucite), haematite ore, Cu carbonate (malachite) 

and, leached silicate rocks are observed near the sheared contacts of the mélange. 

These rocks are indicative of Si02 and MnO mobilisation and suggest fluid-flow 

along major tectonic contacts. 
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117 

N

rl

ink pelagic limestone 	 S 

basalt 
blocks neritic limestone 

I locks 

S S 

volcaniclastic ists 
S 	S 

S 	
$ S 

S S 
	 S 

S 
S S 	 S 	 5 S 

S 
S 

Figure 3.49. Field sketch showing outcrop of a serpentinite+basalt+neritic limstone 

association within the Karayaprak Mélange near cardakh (gr: 143, 705884). 

3.4.1 Structure 

Within the mélange shear fabrics anastamose between blocks. Shear fabrics 

are observed within blocks and in the matrix. Limestone blocks within the mélange 

exhibit stylolites and tension gashes related to shearing. 

The matrix of the mélange most commonly forms descrete zones of lithic 

crush-breccia or sheared serpentinite. More rarely scaly clay was observed in matrix-

dominated horizons (e.g. seen -20 km north of Erzincan at Kömür Village; gr: 142, 

362207). 

Top-to-the-north shear fabric, commonly observed in the mélange is cut by 

top-to-the-south thrust faults. Top-to-the-north shear fabric is commonly folded and 

tilted. Orientation data for shear fabrics and fault planes in the Karayaprak mélange 

are shown in Figure 3.50. 

E-W trending steeply inclined thrust faults and strike-slip faults (e.g. 

70°N1070; 40°N/ 130) juxtapose the Karayaprak Mélange with other units, including 

the younger (Oligocene-Miocene;) sedimentary rocks to the south (exposed along the 
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GUlandere River 10 km north of Kemah; Aktimur et al. 1995). These faults 

commonly exhibit a top-to-the-south shear fabric. 

The structures observed in the Karayaprak Mélange, and their cross-cutting 

relationships are similar to structures described above (section 3.3.1) from the 

ophiolitic Refahiye Complex. The faults that separate the blocks within the mélange 

exhibit a range of kinematic senses likely to be related to localised motion of blocks. 

The structure of the mélange does not reveal the direction of subduction that was 

associated with its formation. The top-to-the-north shear fabric is correlated with the 

same fabric observed in the Refahiye Complex and is interpreted as a result of 

northwards emplacement of the Karayaprak mélange. The top-to-the-south faults that 

cut top-to-the-north faults and fabrics are interpreted as syn- and post-collisional. 

The major top-to-the-south faults that form tectonic contacts with other units, 

including the Tertiary Sivas basin (e.g. Aktimur et al. 1995), may have been 

reactivated since Tertiary deposition occurred. Strike-slip faults within the mélange 

may be related to pre-or syn-emplacement deformation and-or Neogene strike-slip 

tectonics of the North Anatolian Fault Zone. 

3.4.2 Sedimentary and igneous petrography of the Karayaprak Mélange 

3.4.2.1 Radiolarite-lava-diabase association 

In thin section, the lava contains abundant randomly orientated, small (<0.5 

mm) elongate plagioclase feldspar (An85%) set in a glassy groundmass. The basalt is 

non-vesicular and aphyric. Chlorite has completely replaced mafic phases (pyroxene 

and olivine?). other sections contain interlocking laths of plagioclase (An60%) with 

augite and pigeonite (<1 mm). Olivine is replaced by iddingsite; magnetite is also 

present. Much of the basalt is heavily altered and contains secondary epidote, sericite 

and chlorite. The radiolarite is red and, in thin section, is composed of 

microcrystalline silica. Radiolarians are commonly recrystallised. The basalt is 

homogenous and contains calcite veins. 
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Figure 3.50. Structural data for the Karayaprak Melange, a) equal-area plot 

(Lambert/Schmidt) showing orientation of faults and shear zones. b) rose diagram 

showing strike orientation of faults and shear zones. 

3.4.2.2 Massive limestone-lava-volcaniclastic association 

The massive limestone-lava-volcaniclastic association contains a coarse (<15 

cm) sedimentary breccia (gr: 142, 2523501345) of limestone and lava clasts. The 

limestone and lava in the breccia are lithologically similar to the larger blocks. In 

thin section, the matrix of this breccia shows the limestone to be fine-grained, 

recrystallised limestone with fragmentary bioclasts. Clasts of lava are heavily 

weathered. Serpentinite clasts are also present. This lava-limestone breccia occurs 

within a block and is likely to have formed by redeposition of talus prior to accretion 

of the block into the mélange. 
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3.4.3 Petrology of metamorphic rocks within the Karayaprak Mélange 

Basalts within the Karayaprak mélange are metamorphosed to the 

assemblage: epidote±chlorite±calcite±sericite+albite. This greenschist facies 

assemblage is consistent with the sea-floor alteration of basaltic rocks, and is well 

documented from oceanic crust in the modern oceans (eg. Mottl 1983). 

Amphibolite and greenschist were observed in the mélange near Muratboynu 

(gr: J41, 9635473130; Figure 3.46). 

3.4.4 Whole-rock geochemistry of basic igneous rocks in the 

Karayaprak Mélange 

Eighteen basic igneous samples from the Karayaprak Mélange in the 

Erzincan area were analysed by XRF (see section 3.3.8.1 and Appendix 1 for 

method). Ten of the samples had acceptable values of MgO+CaO (in the range 12-22 

wt. %) and Si02  (< 56 wt. %) for unaltered basic igneous rocks. Among the 10 

samples there is no correlation between the abundances of immobile Al and mobile 

major elements Si, Ca, Fe and, Mg (Figure 3.51), this indicates that mobilisation of 

these elements was due to alteration, weathering or metamorphism. By contrast, 

there is reasonable correlation between the abundances of immobile trace elements 

(Figure 3.52) suggesting they share a common parental magma. When plotted on the 

total alkalis versus silica rock classification diagram of LeMaitre et al. (1989) (Figure 

3.53) the 10 samples exhibit basaltic compositions (1 sample is basaltic 

trachyandesite). Alteration and weathering are likely to have affected the 

concentration of 1(20, Na20 and Si02  in the samples. However, the classification 

diagram based on trace element abundances (Figure 3.54) also shows the rocks to be 

of basaltic/andesitic composition and, therefore, suitable for use in geochemical 

tectonic discrimination. Plotted on the MORB-normalised 'spider diagram' (Figure 

3.55) the patterns produced by all 8 of the samples have negative Nb anomalies and 

enrichment of the 
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Figure 3.53. Samples from the Karayaprak Mélange plotted on the total alkalis versus 

silica rock classification diagram (LeMaitre et al. 1989). 

mobile elements Sr, K, Rb and Ba relative to MORB. The mobile element 

enrichment is variable and may well be due to alteration and weathering. By contrast, 

the persistent negative anomaly of Nb, an immobile element, suggests a possible 

subduction influence on the source region (Pearce et al. 1973; Saunders et al. 1988). 

However, the samples do not show a depletion of immobile incompatible 

elements (La, Ce, Nd, P, Zr) relative to MORB as would be expected of volcanic are 

rocks (Pearce 1973). This may be due to the degree of magmatic evolution indicated 

by the andesitic-dacitic compositions of the samples. One sample (POOl 141B) 

exhibits a flat-lying pattern with no negative Nb anomaly (Figure 3.56). POOl 141B 

is more enriched in all the elements apart from Cr and K, consistent with a 

composition more evolved than MORB (Pearce 1973). 

On the discrimination diagrams (Figure 3.57 to 3.63) the basalts fall within 

the compositional range for MORB (MORB, N-MORB or 'Ocean-Floor Basalts'). In 



124 

some of the diagrams the compositions of the samples from the Karayaprak Mélange 

overlap with the fields for 'Low Potassium Tholeiite'/'Arc Lavas'/'Island Arc 

Tholeiite'/ 'Volcanic Arc Basalt'/'Island arc Basalt' and the field for 'Within-Plate 

Lavas'. However, with the exception of the Ti-Zr-Y diagram (Pearce and Cairn 1973; 

Figure 3.57) and the V-Ti diagram (Shervais 1982; Figure 3.62) all of the samples fal 

within the compositional field for MORB. In none of the diagrams do the samples 

show element enrichments characteristic of within-plate (i.e. oceanic island basalt) or 

continental arc eruptive settings. 
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Figure 3.54. Samples from the Karayaprak Mélange plotted on the Zr/Ti versus Nb/V 

rock classification diagram (Winchester and Floyd 1977). 
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Figure 3.56. MORB-normalized multi-element abundances for one igneous sample 

from the Karayaprak mélange with a flat-lying pattern. Normalizing values: Sr = 120 

ppm; K20 = 0.15%; Rb = 2.0 ppm; Ba = 20 ppm; Nb = 3.5 ppm; La = 3 ppm; Ce = 10 

ppm; Nd = 8 ppm; P205  = 0.12% ; Zr = 90 ppm; Ti02  = 1.5% ; Y = 30 ppm; Sc = 40 

ppm; Cr = 250 ppm (Pearce et al. 1984). 
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Figure 3.57. Basic igneous rocks from the Karayaprak Mélange plotted on a 

discrimination diagram using Ti, Zr and V (Pearce and Cann 1973). Within-plate 

basalts field D, ocean-floor basalts in field B; low-potassium tholeiites in fields A and B, 

calc-alkali basalts in fields C and B. 
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Mélange plotted on a discrimination diagram using Ti and Zr (Pearce and Cann 1973). 
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B. 
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Figure 3.62. Basic samples from the Karayaprak Mélange plotted on the V/Ti 

discrimination diagram (Shervais 1982). 
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Figure 3.63. Basic rocks from the Karayaprak Mélange plotted on the Nb/Zr/Y 

discrimination diagram (Meschede 1986). Al and All = within-plate alkali basalt 

compositional field; B = plume-influenced MORB compositional field; C = within-plate 

tholeiite compositional field; D = N-type MORB and volcanic are basalt. 
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34.5 Timing and tectonic setting of the development of the Karayaprak 

Mélange 

The presence of basalt interbedded with, and overlain by, neritic limestone indicates 

deposition above the CCD, possibly on a seamount. This association also containes 

coarse debrite composed exclusively of basic lava and massive limestone. The 

chaotic debris-flow deposits may well represent mass wasting of a seamount prior to 

its inclusion into the mélange as it approached the trench. This process is occurring 

today at the Tonga trench (Capricorn Seamount; Clift et al. 1998) and also the Ijima 

seamount, Japan (Mohiuddin and Ogawa 1998.). By contrast, the lava-pelagic 

sediment association is interpreted as abyssal plain sedimentary rocks that 

accumulated on oceanic crust, of which only the highest levels were preserved by 

accretion into the mélange. In addition, other rock types, e.g. deformed blocks of 

volcaniclastic and polymict sedimentary rocks could represent accreted trench-fill 

sedimentary rocks. The predominance of igneous and hemipelagic sedimentary 

blocks over terrigenous elastic sedimentary rocks and, paucity of sedimentary matrix 

suggests that the accretionary wedge developed in an oceanic setting, remote from 

any potential supply of terrigenous sediment. 

The massive limestone-lava-volcaniclastic association together with debrites 

and limestone talus suggests that volcanic seamonts were accreted at the trench. 

However, whole-rock basalt geochemistry supports a normal mid-oceanic spreading 

ridge eruptive setting for basalts within the mélange. The greater probability of 

magmatic evolution occurring during the petrogenesis of the volcanic seamount lavas 

could lead to a bias in the data (i.e. samples from the massive limestone-lava-

volcaniclastic association were not useful in tectonic discrimination due to their more 

evolved compositions). 
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3.4.6 Summary 

The Karayaprak Mélange is interpreted as an emplaced Cretaceous 

accretionary complex. Blocks within the The Karayaprak Mélange contain 

microfossils that indicate an Early Cretaceous age (e.g. Berriasian; 145.5-140.2 Ma; 

Gradstein et al. 2004). This reflects the age of the Neotethyan lithosphere that was 

being subducted during mélange accretion. The Karayaprak Mélange contains two 

associations interpreted as; 1) Spreading ridge tectonic facies and; 2) Volcanic 

seamount tectonic facies (Robertson 1994). The Volcanic seamount facies contains 

angular lava and limestone talus which could have formed during collapse of a 

seamount as it approached the trench (i.e. before its inclusion into the accretionary 

wedge). The mélange contains a relative paucity of terrigenous elastic sedimentary 

rocks and sedimentary matrix suggesting that the accretionary complex developed in 

an oceanic setting. Rare olistostromal levels are present within the mélange. 

Outcrop of the unit is more abundant toward the south of the suture zone i.e. 

south of the Refahiye Complex and the Karadag Formation. This probably reflects 

the original position of the accretionary complex relative to the arc. The mélange is 

thrust southward over the ?Permian-Upper Cretaceous Munzur Dagi Formation 

(carbonate platform) and the Upper Cretaceous (Turonian-Campanian; 93.5-70.6 Ma; 

Gradstein et al. 2004) Ayikayasi Formation (inferred flexural foredeep). 

The mélange is unconformably overlain by Palaeocene-Eocene (65.5-33.9 Ma; 

Gradstein et al. 2004) sedimentary rocks (Sipikor Formation). The mélange was 

emplaced southward between Turonian-Campanian time (93.5-70.6 Ma) and 

Palaeocene-Eocene time (65.5-33.9 Ma). 

3.5 Emplaced oceanic volcanic arc: Karada§ Formation 
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The Upper Cretaceous Karadag Formation contains a mixture of 

metamorphosed volcanic, intrusive and sedimentary rocks and exhibits 

dynamometamorphic textures and structures such as mylonitic and C-S fabrics. 

Exposures commonly exhibit abundant thrust faults and shear zones which indicate a 

polyphase deformation history. 

The Karadag Formation crops out as four large discontinuous thrust slices in 

the Erzincan area (individually up to 10 km long and <3 km thick) (Figure 3.64). 

Thrust slices of the Karadag Formation are found at two structural levels within the 

south-vergent imbricate thrust stack. In some sections lava occurs as isolated flows 

within a sedimentary succession, while other sections are dominated by lava flows, 

with little or no sediment for thicknesses of several hundred metres. Southwest of 

Binkoç village (gr: 143, 4236389247) Globotruncana-bearing pelagic limestones 

within the Karadag Formation indicate that the unit is of Late Cretaceous age (I 

Ongen pers. comm. 2004). See Appendix 3; micropalaeontological data. 

The lower-level slices of the Karadag Formation were observed west of 

Erzincan at Karadag, near Doganbeyli (gr: 142, 100950) and south of Erzincan at 

Karadag, near Binkoç (gr: 143, 385882) (note: there are three mountains named 

Karadag, i.e. "Black Mountain" in the Erzincan area). These thick slices of volcanic 

and volcaniclastic rocks are thrust over Miocene sedimentary rocks that crop out to 

the south. The upper and lower boundaries of the unit are north-dipping thrust faults 

and shear-zones, e.g. observed near Gokkaya (Figure 3.65). However, near 

Doganbeyli a vertically orientated tectonic contact was observed (Figure 3.66). West 

of Bahceli (gr: 142, 2478701428) and at Kohnemdag the thick volcanic succession of 

the Karadag Formation is thrust over a thin (-4 m) succession of recrystallised pink 

pelagic limestone. 
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Figure 3.64. Map of the Erzincan area showing the outcrop of the Upper Cretaceous Karadag Formation. 
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Figure 3.65. Photograph looking west from Gokkaya. The outcrop of the Upper 

Cretaceous Karadag Formation 'pinches out'. Both the upper and lower boundaries of 

the unit are north-dipping thrust faults. 

Structurally higher slices of the Karadag Formation crop out west of Erzincan 

at Kohnemdag (gr: 142, 177993) and east of Erzincan at cardkli (gr: 143, 692905) 

(Figure 3.64); these are again bounded by north-dipping thrust faults (Figure 3.64). 

The upper thrust slices of the Karadag Formation are tectonically overlain by a thick 

(-4 km) slice of metamorphic basement. To the west of Erzincan these metamorphic 

rocks form part of the Upper Cretaceous ophiolitic Refahiye Complex (section 3.3.7; 

Figure 3.64). 

In some sections lava occurs as isolated flows within a metasedimentary 

succession, while other sections exhibit little or no sediment over thicknesses of 

several hundred metres or more. Individual sections commonly exhibit a tectonically 

mixed succession of deformed meta-volcanic and meta-sedimentary rocks (Figure 

3.67). Thick successions (i.e. >3km long) of 100% andesite are observed at Karadag 
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(near Doganbeyli; gr: 142, 100950) and at Karadag, south of Binkoc (gr: 143, 

395873). 
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Figure 3.66. Photograph looking east towards Karadag, 6 km east of Doganbeyli to 

show the vertical tectonic contact between the Upper Cretaceous Karadag Formation 

and Miocene sedimentary rocks. 

3.5.1 Structure 

The Karadag Formation is bounded by sub-vertical and north-dipping thrusts 

(Figure 3.65 and 3.66). Structurally higher thrust slices (located in the northern part 

of the suture zone e.g. cardakh, gr: 143, 710880; Kohnamdagi, gr: 142, 180990) 

exhibit well-cleaved schistose metasedimentary rocks interbedded with massive 
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Figure 3.67. Field sketch of a section of the Karadag Formation exposed at 

Kohnemdagi Yayla (gr: 142, 200005). 

lavas. Cleavage is less well developed in the structurally lower thrust slices further 

south (e.g. Karadag, gr: 1142, 390880; Karadag, gr: 142, 120940). Cleavage and 

bedding within the unit predominantly dip towards the north and are sub-parallel. 

Early structures (e.g. flow-bands in rhyolite, cleavage and schistosity) are folded, 

faulted 

and sheared with a top-to-the-north sense of motion. Top-to-the-north structures are 

commonly cut by top-to-the-south structures. For example, at Kolmemdagi (gr: 142, 

180990) an andesitic lava flow is boudinaged within a mass of sheared volcaniclastic 

shale and schist (Figure 3.67). The andesite exhibits a south-dipping shear fabric 

(top-to-the-north; 60°S/140) which has been replaced by a north-dipping sinistral 

strike-slip shear fabric in the surrounding sheared metasedimentary rocks (52' S/ I 10). 

The Karadag Formation exhibits asymmetrical folds with long-limbs and 

axial surfaces inclined to the northwest and, short-limbs dipping steeply toward the 

south. These south-vergent structures fold the top-to-the-north shear fabric and 
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associated cleavage and bedding surfaces in the Karadag Formation. At Berierif (gr: 

141, 95515 1) small (wavelength -15 cm) asymmetrical recumbent chevron folds fold 

the cleavage within the overturned limb of a larger south-vergent recumbent fold 

(facing direction not known). Short-limbs of the minor folds dip steeply to the 

southwest. The enveloping surfaces of the minor folds dip 35°NE/040° and their 

axial planes dip 35°SW/045°. Figure 3.68a shows the orientation of the axial plane of 

a south-vergent fold. All bedding, cleavage and crenulation cleavage data for the 

Karadag Formation are also shown. The fold axial plane is inclined gently towards 

the northwest. Cleavage planes are commonly not axial planar to the fold. However, 

crenulation cleavage is sub-parallel to the fold axial plane. This indicates that south-

vergent folds represent the second phase of deformation in the Karadag Formation, 

and that crenulation cleavage is axial planar to a second phase of folding. This 

second phase of deformation was south-vergent. In addition to folding by south-

vergent folds, cleavage and top-to-the-north shear fabric is cut by top to the south 

thrust faults that form small duplex structures within the Karadag Formation. 

Steeply inclined and sub-vertical sinistral strike-slip faults were also observed 

within the unit. Their orientation ranged from 110 to 190. 
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Figure 3.68. Structural data for the Karadag Formation, a) equal-area plot 

(Lambert/Schmidt) showing bedding, cleavage and fold data; b) equal-area plot 

(Lambert/Schmidt) showing fault data; c) rose diagram showing strike orientations of 

thrust faults; d) rose diagram showing strike orientations of strike-slip faults. 
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3.5.2 Sedimentary fades of the Karada§ Formation 

The degree of polyphase deformation exhibited by the Karadag Formation 

precludes an accurate reconstruction of its entire stratigraphy. A composite log is 

presented in Figure 3.69 and a generalised description of the lithologies and 

relationships follows. The succession at cardakh (>1 km) displays a gradual 

transition from basic and andesitic flows and metasedimentary rocks to felsic 

metavolcanics and tuffite (gr: 143, 6989290644; Figure 3.71). 

The Karadag Formation exhibits remnants of bedding and coarse-grained 

textures are preserved. Thin (<5  cm), discontinuous beds of alternating dark grey-

green and white laminated, to thinly bedded (<1 cm), shale and sandstone occur 

between lava flows (Figure 3.70). These beds are intercalated with thinly-bedded (<1 

cm) dark volcaniclastic mudstone, fine-grained calcareous and tuffaceous 

metasedimentary rocks and thickly bedded (1-2 m) pale, coarse-grained 

volcaniclastic sandstone (Figure 3.70). Thin (' 2m) turbiditic successions of 

regularly alternating beds (4 cm) of dark and pale green/grey volcaniclastic pelite 

and psammite were observed (e.g. near cardakli gr: 143, 6989290644; Figure 3.71). 

The succession also grained with purple and orange volcanic clasts of intermediate 

and acidic composition, including rare chert. 

The structurally lower thrust slice, exposed further south, contains a lower 

proportion of pelitic metasedimentary rocks and a greater abundance of psammite 

and rudite in which dynamometamorphic fabrics are less-well developed. The 

sedimentary rocks (exposed at Golpinar, gr: 143, 3899391174) are mainly thick-

bedded (<l0 m) coarse-grained (<40 cm) volcaniclastic conglomerates (Figure 

3.72). The conglomerates contain sub-rounded, to sub-angular boulders and pebbles 

of feldspar-phyric, vesicular, purple and pink andesite and basalt. The conglomerates 

are poorly- containins abundant thickly bedded (<3  m), massive, coarse-grained (<20 

cm) volcaniclastic conglomerates. The volcaniclastic conglomerates are matrix-

supported, and poorly sorted with sub-rounded clasts. The matrix is dark and fine-

sorted, lenticular bodies with erosive bases, interbedded with purple/pink, 

amalgamated, medium- to thickly bedded (< 5 m) and massive, coarse-grained (1 

mm), angular, arkose. The arkose contains 30% quartz, -30% feldspar and, -30% 
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Figure 3.72. Log of part of the structurally lower thrust-slice of the Karadag Formation 

at Binkoc (gr: 143, 3899391174). 

mafic grains. Thick (<10 m), iregular lenses of pale yellowish massive tuff are 

interbedded with the psammites, conglomerates and lava-flows (Figure 3.74). 

Pelagic limestones interbedded with the lava and sedimentary rocks contain 

the age-diagnostic planktonic foraminifera, Globotruncana sp. and Rugoglobigerina 

sp. indicating that the unit is of Late Cretaceous age (Prof. Izver Ongen, Prof. Kemal 

Tali and Prof. Nurdan Inan pers. comm. 2004; see Appendix 1). 
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at Golpinar (gr: 143, 3899391174). 
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Figure 3.74. Photograph showing thick irregular bodies massive tuffite, volcaniclastic 

conglomerates and lava of interbedded with the Karadag Formation at Golpinar (gr: 

143, 3899391174). 

Figure 3.75. Photomicrograph of metamorphosed volcaniclastic conglomerate from the 

structurally lower thrust slice of the Karadag Formation at Golpinar (gr: 143, 

3899391174). 
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In thin section the pelitic volcaniclastic metasedimentary rocks exhibit 

milimetre-scale sedimentary lamination. Thin sections of coarse-grained 

metasedimentary rocks show a variety of volcanic clasts with a variety of primary 

igneous textures preserved. In some clasts plagioclase laths are randomly oriented, 

while others show a trachytic texture (Figure 3.75). Highly vesicular clasts and 

volcanic glass are also observed. Vesicles are filled with secondary minerals (e.g. 

epidote, zeolite or chlorite). Metamorphic mineral assemblages and textures are 

described below (section 3.5.4). 

3.5.3 Igneous petrology of the Karadag Formation 

The Karadag Formation contains basic, intermediate and felsic massive lava 

flows and sills. Feldspar-phyric andesitic flows comprise an estimated 75% of the 

total igneous rocks within the Karadag Formation. The other igneous rocks are basic 

flows and sills, rhyolitic flows and tuffs. In places, basic and intermediate flows are 

closely associated (Figure 3.70). Flow-banding was observed in the rhyolite. A 

varied degree of hydrothermal alteration is exhibited by the lavas. The porphyritic 

lavas contain the phenocrysts assemblage: plagioclase ± diopside ± olivine + 

hornblende. 

In thin section, porphyritic basic lava contains phenocrysts (60-70%) in a 

fine-grained or glassy matrix (30-40%). The most abundant phenocrysts phase 

(<50%) in the lavas is zoned plagioclase with twinned anorthite. The lath-shaped 

anorthite phenocrysts (<I mm long) are turbid and sericitised due to alteration. Rare 

large, zoned, equant highly altered feldspar crystals (<3mm) are also present in some 

sections. Large (<3  mm) euhedral, equant, zoned diopside (<25%), and brown/green 

anhedral hornblende (<10%, <2mm) are commonly also present. The diopside 

exhibits glomoporphyritic texture in some flows. Anhedral olivine phenocrysts 

(10%, <2mm) were observed in some basic lavas, commonly replaced by iddingsite 

(Figure 3.76). An accessory opaque oxide (magnetite?) is ubiquitous. Secondary 

fibrous green chlorite + quartz fills vesicles and fractures. The lavas commonly 

exhibit vesicular and trachytic textures. 



sericitised 
feldspar 
phenocrysts 

Figure 3.76. Photomicrograph of a typical basic lava from the Karadag Formation 

showing glomoporphyritic diopside, sericitised feldspar and iddingsite pseudomorphs 

after olivine. 

3.5.4 Metamorphism of the Karadag Formation 

Volcanic and volcaniclastic rocks of the Karadag Formation contain the 

assemblage: epidote + chlorite + calcite + quartz + pyrite ± sericite (Figure 3.77). 

Radiating blades of epidote fill amygdales and fractures. Coarsely crystalline (<0.5 

mm) epidote also occurs in layers. In thin section, volcaniclastic schists show a fine-

grained mylonitic fabric with metamorphic 'fish' composed of coarsely recrystallised 

quartz, and haematised pyrite porphyroblasts <1 mm within a matrix of sericite, fine-

grained recrystallised quartz and chlorite (Figure 3.78). Coarse fibrous chlorite and 

sericite occur in pressure shadows around porphyroblasts. Fibrous masses of chlorite 

also fill fractures and cavities. Amygdales and fractures are commonly filled with 

zeolite or chlorite. 

Shear-schistosity and mylonitic textures are observed in the fine- and coarse-

grained metasedimentary rocks, as well as deformed andesitic lavas. The mineral 
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Figure 3.77. Photomicrograph of a typical volcaniclastic metasediment within the 

Karadag Formation showing metamorphic quartz, epidote and chlorite. 

assemblage and metamorphic textures exhibited by the Karadag Formation indicate 

greenschist facies regional metamorphism. 

3.5.5 Whole-rock igneous geochemistry of basic-intermediate lavas 

Twenty eight lava samples from the Karadag Formation were analysed for 

whole-rock major and trace element abundances by XRF (see 3.3.8 and Appendix 2 

for method). The analytical results from 6 of these samples are used in the following 

geochemical determination of the petrogenesis and palaeotectonic setting of the unit. 

The results of the other 22 samples were not considered in the investigation due to 

having geochemical characteristics outside the natural range for unaltered basic 

igneous rocks, i.e. Si02  concentrations above 54% and/or MgO+CaO outside the 

range 12-22% (Pearce 1973). 
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Figure 3.78. Photomicrograph of a volcaniclastic mylonite within the Karadag 

Formation with pyrite and quartz 'fish'; sericite and chlorite are seen within pressure 

shadows. 

Among the six remaining samples there is no clear correlation between the 

concentrations of the relatively 'immobile' element Al (A1203) and the potentially 

mobile elements Si, Ca, Fe and Mg (Figure 3.79). This suggests that the abundances 

of these elements in the samples were altered by post-magmatic processes (i.e. 

hydrothermal activity, metamorphism and/or weathering). However, variation 

diagrams of the immobile elements show good correlations (Figure 3.80) suggesting 

that the rocks represent different degrees of evolution of a single parental magma 

type. 

A classification of the lava samples from the Karadag Formation, based on 

K20+A1203  (total alkalis) versus silica suggests that the samples have basaltic to 

alkalic compositions and are suitable for tectonic discrimination. A classification 

based on immobile trace elements (Figure 3.82) shows the samples to comprise two 

groups. On group has a slightly more evolved 
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volcanic rocks in the Karadag Formation. 
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Figure 3.80. Variation diagrams of immobile trace elements in volcanic rocks of the Karadag Formation. 
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composition than indicated by the total alkalis vs. silica plot (Figure 3.81). This 

group comprises basalts and andesites. Four of the samples of this less evolved group 

fall in the field that includes basalts (Figure 3.82). These four samples (P003 144, 

P002/E30, P003 176, P003/183) are the only analyses from the Karadag Formation 

that are potentially useful for tectonic discrimination. However, since all of the lava 

samples are probably derived from a single parental magma type, data from these 

four samples are likely to be indicative of the petrogenesis and tectonic setting of the 

Karadag Formation as a whole. 
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Figure 3.81. Analyses of basic and intermediate volcanic rocks from the Karadag 

Formation plotted on the Total alkali-silica (TAS) diagram (Le Maitre et al. 1989). 

Details of the basalt discrimination diagrams used here are given in section 

3.3.8.4. When considered together, Figure 3.84 to 3.91 show that the four basic lava 

samples from the Karadag Formation are both Volcanic Arc Basalts and, more 

precisely that they are Low-potassium tholeiites or, Island Arc Tholeiites. 
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Figure 3.82. Classification of basic igneous intrusions from the Karadag Formation 

using immobile trace elements (Zr/Ti versus Nb/Y). 

It is also useful to consider the pattern of multi-element abundances for the 

six samples that have basaltic abundances of Si02, MgO and CaO. Figure 3.83 shows 

the multi-element abundances normalised to MORB. The four samples classified on 

the basis of immobile trace element abundances as basaltic show a clear depletion of 

the immobile incompatible trace elements (La, Ce, Nd, P and Zr) relative to MORB, 

whereas the more evolved samples show an enrichment of these elements. The 

depletion of these elements is characteristic of subduction-influenced petrogenetic 

environments (Pearce 1973). In the two intermediate samples the relative enrichment 

of these incompatible elements could be explained by crystal fractionation. These 

samples are petrogenetically related (Figure 3.80) and therefore it is unlikely that the 

enrichment of incompatible elements in the more evolved samples implies a different 

tectonic setting. All of the samples show a definite negative Nb anomaly and a 

relative enrichment of mobile large-ion lithophile elements (LILE; Sr, K, Rb, Ba). 

Both of these are typical features of basalts erupted above subduction zones (Pearce 

1982). 
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Figure 3.83. MORB-normalized multi-clement abundances for basic and intermediate 

volcanic rocks from the Karadag Formation. Normalizing values: Sr = 120 ppm; K20 = 

0.15% ; Rb = 2.0 ppm; Ba = 20 ppm; Nb = 3.5 ppm; La = 3 ppm; Ce = 10 ppm; Nd = 8 
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Figure 3.84. Basaltic lava samples from the Karadag Formation plotted on the Ti, Zr 

and V discrimination diagram (Pearce and Cann 1973). Within-plate basalts field D; 

ocean-floor basalts in field B; low-potassium tholeiites in fields A and B; calc-alkali 

basalts in fields C and B. 
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Figure 3.85. Geochemical analyses of two basic lava samples from the Karadag 

Formation plotted on a discrimination diagram based on Cr-Y covariations (Pearce 

1982). 
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Figure 3.86. Geochemical analyses of basic lava samples from the Karadag Formation 

plotted on a discrimination diagram using Ti and Zr (Pearce and Cann 1973). Ocean-

floor basalts plot in fields D and B; low-potassium tholeiites in fields A and B, and caic-

alkali basalts in fields C and B. 
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Figure 3.87. Basic lava from the Karadag Formation plotted on the log Ti/log Zr 

discrimination diagram (Pearce 1982). Ocean-floor basalts plot in fields D and B; low-

potassium tholeiites in fields A and B; and calc-alkali basalts in fields C and B. 
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Figure 3.88. Basic lava samples from the Karadag Formation plotted on the Zr/Y 

versus Zr discrimination diagram (Pearce and Norry 1979). 
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3.5.6 Tectonic setting of the Karada§ Formation 

The Karadag Formation is interpreted as part of an Upper Cretaceous 

volcanic arc, dominated by andesitic volcanics and volcaniclastic sedimentary rocks, 

with a pelagic microfauna and little or no terrigenous input. In contrast to the 

adjacent Refahiye Complex no metamorphic host rock was observed. This may 

suggest that this volcanic arc was not formed on rifted continental crust. However, as 

no plutonic bodies were observed it seems that only the upper portion of the arc has 

been preserved. The deeper, intrusive level of the volcanic arc may or may not have 

included a metamorphic host. The lower part of the arc has presumably been 

destroyed. The preservation of the upper part suggests that the lower part was not 

removed by post-emplacement erosion but tectonically, i.e. by subduction-erosion. 

This could suggest that at depth the subduction zone was erosive rather than 

accreting (Dewey 1980; Von Huene 1986; 1991, Clift et al. 2003). 

4 

E 

> 

0 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 

11 pprd 1000 

Figure 3.89. Basic lava from the Karadag Formation plotted on the V/Ti 

discrimination diagram (Shervais 1982). 
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Figure 3.90. Nb/Y against Zr/Y for basic lava from the Karadag Formation. Lines 

define the array for Icelandic basalts (Fitton et al. 1997). 
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Figure 3.91. Basic lava samples from the Karadag Formation plotted on the NbIZrIY 

discrimination diagram (Meschede, 1986). Al and All = within-plate alkali basalt 

compositional field; B = plume-influenced MORB compositional field; C = within-plate 

tholeiite compositional field; D = N-type MORB and volcanic arc basalt. 
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3.5.7 Summary 

The Karadag Formation comprises a tectonically mixed succession of 

deformed meta-volcanic and meta-sedimentary rocks -3 km thick. Planktonic 

foraminifera indicate a Late Cretaceous age for the unit. 

The presence of low-potassium tholeiite/island arc tholeiite supports a 

volcanic arc origin for the Karadag Formation. The formation contains no 

terrigenous material and no metamorphic host rock and is thus likely to have 

developed isolated from any continental margin. Metamorphic host rocks may have 

been tectonically removed with the lower levels of the arc; alternatively the arc may 

have developed upon oceanic crust. 

The Karadag Formation is interpreted as an emplaced Upper Cretaceous 

volcanic arc. The inferred volcanic are experienced north-vergent deformation 

related to its emplacement onto the Eurasian margin, followed by south-vergent 

deformation related to collision between the Taurides and Pontides. 

3.6 Preserved forearc basin: Sutp:nar Formation 

The SUtpinar Formation crops out in a belt 10 km wide extending west from 

the Erzincan Basin towards the Gulandere River (Figure 3.92). The pre-

deformational thickness of the succession is estimated as -1500 in. The Formation is 

sandwiched between thrust slices of the Upper Cretaceous Karadag Formation and is 

thrust over Oligocene-Miocene sedimentary rocks of the Sivas Basin to the south. It 

is also unconformably overlain by Upper Tertiary sedimentary rocks near Dumanli 

(gr: 142, 0803294406). The Sutpinar Formation comprises a generally coarsening-

upward succession of mixed carbonate and volcaniclastic sedimentary rocks. 
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Age-diagnostic species observed include Globotruncanita stuarti (DE 

LAPPARENT), Globotruncana arca (CUSHMAN), Contusotruncana contusa 

(CUSHMAN), Globotruncana cf. ventricosa (WHITE) (Prof. Izver Ongen, Prof. 

Kemal Tali and Prof. Nurdan Inan pers. comm. 2004). The assemblage indicates an 

Upper Cretaceous-Early Eocene age for the unit (see Appendix 1 for 

micropalaeontological data). 

The base of the Sutpinar Formation is everywhere a north-dipping thrust 

fault. The volcaniclastic lithologies present are similar to those of the Karadag, 

(inferred) arc unit and it is likely that the two units were originally intergradational. 

The top of the Sutpinar Formation interdigitates with, and gradually passes into, the 

Palaeocene-Mid Eocene Sipikor Formation: e.g. west of Balli Village (gr: 142, 

269007). The contact between the Sutpinar Formation and Sipikor Formation is cut 

by a north-dipping thrust near Yildiz Dag (gr: 142, 265992). 

A composite log of the Sutpinar Formation is shown in Figure 3.93. The 

lowest part of the Sutpinar Formation exposed consists of an 800 rn-thick 

coarsening-upward succession of thin- to medium-bedded, fine- to medium-grained 

calciturbidites and quartzofeldspathic sandstones with many and shaly partings. This 

passes gradually upwards into a 500 rn-thick coarsening-upward succession of 

volcaniclastic shale and sandstone with thickly bedded, discontinuous volcaniclastic 

conglomerate lenses and rare andesitic lava flows. The volcaniclastic succession 

interdigitates with discontinuous coarse-grained, poorly sorted quartz-rich, polymict 

sandstone and conglomerate and thick (50 m) lenses of massive fine-grained 

nummulitic limestone. The uppermost part of the succession is transitional with the 

overlying Sipikor Formation. 
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Figure 3.94. Geological map of the Gökkaya area to show the locations of logs 1-6. See 

Figure 3.92 inset for location. 

3.6.1 Structure 

Cleavage and schistosity are generally less well-developed in the Sutpinar 

Formation than in the Karadag Formation (section 3.5.1). However, slaty cleavage is 

well developed locally within shaly and argillaceous rocks and dips 65°N/040. 

Bedding and cleavage dip dominantly toward the northwest. The unit exhibits top-to-

the-north and top-to-the-south shear zones. In some exposures, beds of competent 

sandstone and limestone are boudinaged and imbricated within a matrix of highly 

sheared shale and mudrock. A variety of sedimentary structures indicate that beds are 

overturned in much of the unit and, indicate various local younging directions. 

Southward-younging beds commonly dip steeply to the north, whereas northward-

younging beds commonly dip moderately to gently southward thus defining a north-

vergent fold asymmetry within an overturned succession. However, the unit also 
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exhibits right-way-up beds and folds with opposed facing directions. Overturned 

beds are folded by asymmetrical recumbent south-facing north-vergent folds at 

Gokkaya (Figure 3.94 and 3.95) and at Cevizli (gr: 142, 251014). North-facing north-

vergent tight and close recumbent folds (wavelength 50 m) are exposed near 

Köhnemdai (Figure 3.94 and 3.95). A wide variety of fold styles were observed 

including close to isoclinal, rounded and angular (chevron) folds on a variety of 

scales (wavelength <50 m). Disharmonic and polyclinal folds are developed locally. 

Fold orientations range from recumbent and horizontal to upright and steeply 

plunging. 

The Sutpinar Formation exhibits top-to-the-north thrust faults, shear zones 

and folds. Top-to-the-north shear fabric dips -45° toward the south at Bahceli (gr: 

142, 251010). The top-to-the-north compressional structures are commonly cut by 

top-to-the-south compressional structures. At Gokkaya (Figure 3.94 and 3.95), a 

northward-younging (overturned) succession is folded by tight angular asymmetrical 

north-vergent folds. Fold axes are inclined 60°S/070. The same exposure exhibits a 

top-to-the-north duplex (thrust horses are individually - 20 in long). Low-angle top-

to-the-south shear zones cut the top-to-the-north structures. 

Minor asymmetrical chevron folds (wavelength 2 m) are seen within the 

limbs of a larger south-vergent recumbent fold near Gokkaya (Figure 3.94 and 3.95). 

Tight angular asymmetrical south-vergent folds and top-to-the-south thrust faults are 

exposed at Dumanli on the road from Erzincan to Kemah. The top-to-the-south shear 

fabric dips moderately north, e.g. 50°N/085 at Balli (gr: 142, 265016). South-vergent 

folding is also developed in the footwall of top-to-the-south thrusts that cut the top-

to-the-north layer-parallel shear fabric. Structural data are shown in Figure 3.96. 

The top-to-the-north deformational structures do not continue into the 

unconformably overlying Tertiary cover units (Kemah Formation; Aktimur et al. 

1995). Major top-to-the-south thrusts place the Sutpinar Formation above the 

Tertiary units (e.g. at Gokkaya Figure 3.94 and 3.95). 
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Figure 3.95. Field sketch showing structural relations within the Sütpinar Formation. 
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Figure 3.96. Structural data for the Sutpinar Formation. a) equal-area plot 

(Lambert/Scmidt) showing bedding and cleavage; b) Rose diagram showing strike 

orientations of bedding surfaces; c) equal-area plot (Lambert/Schmidt) showing fold 

data; d) equal-area plot (Lambert/Schmidt) showing fault data. 
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3.6.2 Sedimentary fades 

The succession begins with buff-coloured sandy calciturbidites. These are 

thinly- and medium-bedded, medium- to fine-grained grained calcarenites and shaly 

to muddy limestones interbedded with fissile planar-laminated marly shale. The 

calcarenite beds have sharp bases with load-casts, graded bedding and, laminated 

tops and containin planktonic foraminifera of Late Cretaceous age (e.g. 

Globotruncana sp.). Sandstones near the base of the succession are thinly bedded (1-

10 cm), fine- to medium-grained quartzo-feldspathic turbidites containing sub-

rounded mafic-volcanic lithic clasts, feldspar and carbonate grains. Up-section, the 

thickness and abundance of quartzo-feldspathic sandstone beds increases at the 

expense of calcarenite. The lower part of the Sutpinar Formation is shown in Logs 1 

and 2 (Figure 3.97 and 3.98); see Figure 3.94 for locations. 

Thickly bedded, discontinuous, massive, coarse-grained sandstone beds with 

sharp bases, load casts and bioturbated tops appear --500 m from the base of the 

exposed succession, interbedded with fissile grey shaly limestone. Nested 

discontinuous calcarenite lenses also interdigitate with the shale (Figure 3.99). 

From 500 m upwards the succession exhibits amalgamated medium- to 

thickly-bedded and flaggy grey, coarse-grained, fairly well-sorted, quartzo-

feldspathic sandstones (Figure 3.100). The sandstones contain abundant rounded 

grains of quartz, feldspar, carbonate and sub-rounded, to angular, green and black 

volcanic lithoclasts. Some beds are quartz-rich, while others are more carbonate-rich. 

Graded-bedding is rare and scoured bases rarely seen. Thin- to medium-bedded (<15 

cm), medium- to coarse-grained sandstones with fine tabular lamination, graded 

bedding, scoured bases and muddy calcareous tops were also observed. Shaly 

carbonate partings are present between some beds. The tops of some beds are 

bioturbated. 
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Figure 3.97. Log 1. Part of the Sutpinar Formation exposed near Gökkaya village (gr: 

142, 192937), representative of the lowermost part of the succession. 
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Figure 3.98. Log 2. Part of the Sütpinar Formation exposed 1 km north of Kardigöz 

village (gr: i42, 1920993817) representative of the lower levels in the succession. 
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The sandstones are associated with thick (--40 m) lenses of thickly bedded 

conglomerate (-3 m) and, thickly bedded massive sandstone and calcarenite beds 

(<20 m) (Figure 3.101). The thick lenses of conglomerate are grey, poorly sorted, 

matrix-supported and contain sub-rounded pebbles and boulders (<40 cm) of 

andesitic lava, basalt, rhyolite and, calcarenite in a matrix of sand and gravel. The 

conglomerate contains a greater diversity of lithoclasts up-section. The sandstones 

are medium- to coarse-grained and contain black, glassy, sub-rounded, to angular 

grains. 

These coarse-grained sedimentary rocks interdigitate with fine-grained 

hemipelagic calciturbidite, shale and sandstone succession and continue to increase 

in abundance up-section. The sandstone and conglomerate beds interdigitate laterally 

with dark-grey, fine-grained siltstone and shale with rare, thin sandstone beds 

showing tabular bedding, planar- and cross-laminations and, slaty cleavage (--15 cm). 

Slump structures were observed in the surrounding thinly bedded shale. These coarse 

polymict sedimentary rocks are identical to those observed in the overlying Sipikor 

Formation where they are interbedded with thick lenses of massive, hard, fine-

grained nummulitic limestone. Here they form part of a transitional succession in 

which they interdigitate with more texturally and compositionally mature 

sedimentary rocks typical of the Sutpinar Formation (Figure 3.102). 

In thin section, the thinly bedded shaly limestones from the lower part of the 

sucession are wackestones (clasts -15%) containing angular to sub-angular clasts of 

feldspar, calcite, chloritised basalt, rare quartz and magnetite <0.25 mm. The matrix 

is shaly to muddy carbonate. Planktonic foraminifera and recrystallised radiolarians 

are present. 

3.6.3 Sedimentary petrography 

Coarse-grained calcarenite from the lowermost part of the succession are 

packstones (clasts --95%) with angular to sub-angular clasts of calcite, wackestone, 

feldspar, chioritised basalt, volcanic glass, and large fragmentary foraminifera (-1 

mm). 
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Figure 3.99. Log 3. Carbonate channel-fill within the lower part of the succession 

exposed north of Kardigöz (gr: 142, 1925494267). 

Sandstones from the upper part of the succession are calcitic, arkosic, lithic 

arkoses and lithic wackes (clasts 85%) containing abundant angular and sub-angular 

feldspar, and varying proportions of calcite, quartz, biotite, chloritised basalt, and 

fragmentary foraminifera. Volcanic quartz and feldspar becomes more abundant up-

section. 
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Figure 3.100. Log 4. Part of the Sütpinar Formation exposed east of Ahir village (gr: 

142, 0689198765), representative of overbank deposits found in the lower to middle 

parts of the succession. 
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Figure 3.102. Log 6. Uppermost part of the Sutpinar Formation (transitional to the 

Sipikor Formation) showing a coarsening upward trend due to submarine fan 

progradation. 

3.6.4 Environment of deposition and tectonic setting. 

The lower part of the SUtpinar Formation contains silicious recrystallised 

radiolarians within carbonate wackestones suggesting a deep-water open marine 

setting but with deposition above carbonate compensation depth. the lower part of 

the succession is interpreted as 'distal' turbidites in a deep-water carbonate 
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environment. The lower part of the succession is comparable to sedimentary rocks 

deposited on the lower slopes of submarine fans (e.g. Crati, Italy, Ricci Luchi et al. 

1984). The gradual up-section increase in clastic content, grain size and bed-

thickness indicates a temporal transition to more 'proximal' submarine fan facies. 

The thickly-bedded and massive sandstones are interpreted as the product of 

sediment-gravity flows. The lenses of volcaniclastic conglomerate and coarse 

calcarenite and their associated amalgamated sandstones could represent channelised 

debris-flow depsits and associated overbank deposits. The immature texture suggests 

a low degree of sediment transport. The shale and fine sandstone observed at this 

level in the succession could represent inter-channel flats (Leeder 1982). The 

association of facies in the middle part of the Sutpinar Formation is comparable with 

a mid-fan environment. The gradual replacement up-section of distal turbidites by 

more 'proximal' sediment-gravity flow deposits is consistent with the progradation 

of a submarine fan. The purely volcanic and carbonate composition of the Sutpinar 

Formation, with no metamorphic grains or minerals, strongly suggests derivation 

from a purely volcanic source area and not a continental margin. The observation of 

a single andesitic lava flow observed in the uppermost part of the succession 

indicates the proximity of volcanism at the time of deposition of the unit. However, 

the low abundance of volcanic rocks within the succession suggests a low heat-flow 

setting and the paucity of sediment slump also structures also suggests that there was 

only limited local tectonic activity at the time of deposition. 

The volcaniclastic lithologies present are similar to those of the Karadag, 

inferred arc unit and it is likely that the two units were originally intergradational. 

The unit is interpreted as an ancient prograding submarine fan that 

transported carbonate and volcanic-derived material into a basin, that on the basis of 

evidence from the adjacent tectono-stratigraphic units is interpreted as a forearc 

basin. A reduction of textural maturity also suggests an increase in depositional 

energy and source proximity. 
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3.6.5 Summary 

The Sutpinar Formation contains foraminifera that indicate a Upper 

Cretaceous-Early Eocene age (83.5-48.6 Ma). The stratigraphic base of the formation 

is not exposed. The SUtpinar Formation comprises a 1500m thick, regressive 

succession of carbonate and volcaniclastic sedimentary rocks and passes 

conformably into the overlying Sipikor Formation. 

Carbonate sediment was redeposited from a shelf-depth setting, rich in 

Nummulites sp. A carbonate shelf possibly fringed the inferred volcanic arc. 

The sedimentary rocks were redeposited in a deep-water open-marine environment 

by turbidity currents commonly within submarine channels. The regressive 

succession could be interpreted as a stratigraphic response to relative sea-level 

change or to progradation of a submarine fan. The unit contains no terrigenous 

material and a purely volcanic source area is inferred. The volcaniclastic lithologies 

present are similar to those of the Karadag, inferred arc unit and it is likely that the 

two units were originally intergradational. The paucity of volcanic rocks indicates an 

environment with low heat-flow and there is little evidence for syn-sedimentary 

tectonism. Overall, the SUtpinar Formation is interpreted as a Upper Cretaceous-

Lower Tertiary regressive fore-arc basin. 

3.7 Syn-collisional sedimentation: S!pikor Formation 

Figure 3.103 shows the outcrop of the Sipikör Formation in the Erzincan 

area. The thickness of the unit is variable. The unit is estimated to be >500 in thick to 

the south of Kohnemdag (gr: 142, 199980). The succession is only -10 in thick near 

Muratboynu (gr: J41, 963750). The Sipikor Formation lies conformably upon and, 

interdigitates with, the Upper Cretaceous Sutpinar Formation in the Kohnemdag area 

(Figure 3.103 and 3.93). The Sipikor Formation lies unconformably upon the Upper 

Cretaceous ophiolitic units (Refahiye Complex, Karadag Formation and, Karayaprak 

Mélange) in the north and south of the area studied (eg. at Muratboynu, gr: J41, 

963750, and Mecidiye, gr: 143, 465125). The base of the unit is, therefore, likely to 

be diachronous. Lateral facies variations are observed within this unit. The 

microfauna present in the unit indicate a Palaeocene to Early Eocene age (65.5-48.6 
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Ma) (Prof. Izver Ongen, Prof. Kemal Tali and Prof. Nurdan Inan pers. comm. 2004; 

see Appendix 1 for micropalaeontological data). 

3.7.1 Structure 

Unlike older units, outcrops of the Sipikor Formation in the Erzincan area do 

not exhibit top-to-the-north compressional structures. Bedding generally strikes NE-

SW (Figure 3.105). 

The Sipikor Formation locally exhibits a pervasive top-to-the-south shear 

fabric at Muratboynu (south of Kemah; Figure 3.103). The shear fabric 'flows' 

around calcareous concretions in which age-diagnostic foraminifera are preserved 

(see above). Top-to-the-south shear fabric is not as widespread in the Sipikor 

Formation as in the Sutpinar Formation or the other Neotethyan units described 

above. 10 km south of Erzincan, at Giyabey Yürdü (gr: 142, 399878), the Sipikor 

Formation unconformably overlies highly sheared serpentinite (either the ophiolitic 

Refahiye Complex or the Karayaprak Mélange). The strong shear fabric in the 

serpentinite does not continue into the Sipikor Formation. However, at Giyabey 

YürdU the Sipikor Formation and its basal unconformity are folded into large steeply 

plunging, open to tight, rounded folds. 

The Sipikor Formation exhibits top-to-the-south thrust faults and folds 

(Figure 3.104). At Mecidiye (-10 km north of Erzincan), top-to-the-south thrust 

faults imbricate the Sipikor Formation with the unconformably underlying ophiolitic 

Refahiye Complex. The Sipikor Formation exhibits a far a more simple structure 

than the polyphase-deformed Refahiye Complex below. The beds of the Sipikor 
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Figure 3.103. Map showing outcrop of the Sipikor Formation in the Erzincan area. 



Formation are folded into a series of south-vergent asymmetrical recumbent close to 

tight parallel folds between thrust faults at Mecidiye. The folds have a wavelength of 

—I 00m. North-dipping, top-to-the-south shear zones cut the succession at 

Kohnemdagi (Figure 3.94). At Komur, 15 km northwest of Erzincan the Sipikor 

Formation is folded by upright open south-vergent asymmetrical folds with a 

wavelength >100 m. 

These observations suggest that top-to-the-north deformation pre-dates 

deposition of the Palaeocene-Lower Eocene Sipikor Formation, locally at least, while 

later top-to-the-south deformation post-dates its deposition. 

N 	SipikOr Dagi 	 folded limestone, gypsum and red shale 	 S 
- 	(Sipikor Formation) 

0 	100 m 	 sheared serpentinite 
(Refahiye Complex) 

Figure 3.104. Field sketch at Sipikör Dagi (15 km north of Erzincan) showing structure 

of the Sipikör Formation. 

Figure 3.105. Equal-area lower hemisphere projection (Lambert/Schmidt) of poles to 

bedding for the Sipikör Formation. 
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3.7.2 Sedimentary fades 

The Sipikor Formation exhibits lateral and vertical variations between a wide 

variety of sedimentary facies. Where the unit is conformable with the underlying 

Sutpinar Formation it begins with the appearance of polymict matrix-supported 

conglomerates together with homogenous, massive, fine-grained limestone 

containing (benthic) Nummulites (Figures 3.106 and 3.107), as observed south of 

Kohnemdagi (gr: 142, 199980). The section at Kohnemdagi is deformed and four 

individual sedimentary logs were made in the area (Figures 3.106 to 3.108). It is 

unclear how they restore. The conglomerates and the limestone both form 

discontinuous thick (40 m) lenses. The conglomerate is associated with 

amalgamated, thickly bedded, massive calcareous sandstone and calcarenite. 

Individual conglomerate lenses fine upwards to cross-bedded sandstone and 

greywacke with laminated tops. Thick beds of massive and cross-bedded, coarse-

grained sandstone contain abundant well-rounded quartz grains, feldspar and calcite. 

The sandstone also contains outsize clasts (rare pebbles) of recrystallised limestone, 

red chert and basalt. Rare thin beds of pelagic limestone, shale and siltstone are 

interbedded with sandstone and gravel. The top of the unit is removed by a north-

dipping thrust fault in the Kolmemdagi area. 

The Sipikor Formation exhibits a fining-upwards succession >80 in thick near 

Goltepe (gr: 143, 439877; Figure 3.109). Here, the unit lies unconformably upon the 

Karadag Formation and, is tectonically imbricated with younger (Miocene) 

sedimentary rocks. As at Kolmemdag, the medium-bedded (-1 m) conglomerate 

contains basalt and limestone clasts, in addition to rudistic bivalves. Each 

conglomerate bed fines upwards to sandy limestone and marl. The first 30 in of the 

succession contains coarse angular lithoclasts, whereas the upper part of the 

succession is free of lithoclasts. Conglomerate and sandstone are gradually replaced 

by interbedded shale and nummulitic limestone. 

The Sipikor Formation lies directly above the Karayaprak Mélange with an 

unconformable contact; exposed South of Muratboynu village near Kemah (Figure 

3.103). The succession there is only —10 m thick and is unconformably overlain by 

Oligocene-Miocene cover sedimentary rocks and volcanic rocks. The Sipikor 
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Formation there is a nodular micritic limestone with abundant nummulites, 1 cm 

diameter and coarse shelly partings. 

North of Erzincan, the Sipikor Formation exhibits lateral variation between 

two very different successions, both with an unconformable contact on the 

underlying Upper Cretaceous units. Unconformably on the Karayaprak Mélange 

there is a >50 m thick succession of dark grey sandstone and siltstone (Figure 3. 110), 

exposed near Kömür village (gr: 142, 3631220766). Greywacke with angular clasts 

(1 mm) is composed of mafic igneous material, feldspar and red chert and contains 

benthic forams (-5 mm). The greywacke is interbedded with dark grey coarse-, 

medium- and fine-grained sandstone. The sandstone is well sorted and medium to 

thinly bedded. 

A succession of elastic sedimentary rocks, carbonates, evaporite and 

conglomerate unconformably overlies part of the Refahiye Complex (Figure 3.111) 

exposed north of Erzncan, near Mecidiye (gr: 143, 49731300). This succession 

begins with a thin (-2 m) matrix-supported conglomerate containing clasts of 

serpentinite, chioritised basic igneous rocks, feldspar and mafic mineral grains 

(ophiolite debris), set in a micritic matrix. This passes upwards into a poorly exposed 

fissile red siltstone ('-20 m thick). The red siltstone passes into a generally 

coarsening-upwards succession of sandy limestones and evaporites (60 m thick). 

The sandy limestones are fine- to coarse-grained packstones with shell fragments, 

foraminifera (including large (10 cm) nummulites), bivalves, echinoids and large ('-2 

m) sponges. The detrital content is present in varied concentration and consists of 

serpentinite, chloritised basic igneous rock, feldspar, quartz, spinel and chert. The 

limestones have a micritic matrix (<15%) and an isopachous sparry calcite cement in 

cavities and veins. Silty to marly interbeds separate the sandy limestones. A layer of 

anhydrite (-8 m thick) is found in the middle of the limestone succession. The 

anhydrite passes into >20 m thick succession of thickly bedded hard, massive, fine-

grained, nummulitic limestone (similar to the thick lenses observed at Kohnemdagi) 

and thickly-bedded coarse-grained sandy limestones and calcarenites. The sandy 

limstones are coarse, shelly packstones/grainstones with mafic lithic clasts, oncoids, 

ooliths, and feldspar in varying proportions and contain fragmented to whole shells. 
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The calcarenites are poorly-sorted containing quartz, chert and serpentinite clasts. 

Some whole shells are preserved, but, most are broken. 

This carbonate succession is followed by lenses of red, polymict, poorly 

bedded and poorly sorted gravel. Both matrix-supported and clast-supported gravel is 

present. The gravel contains rounded, to angular, clasts of red chert, serpentinite, 

basalt, diabase and gabbro, set in a red silty matrix. The gravel beds interdigitate with 

thin beds of the red siltstone. White caliche horizons are present within the red 

siltstone and gravel. 

3. 73 Petrography of the Sipikor Formation 

In thin section, the matrix of the basal conglomerate (at Mecidiye) is a micritic 

wackestone with sub-angular grains of clinopyroxene, serpentinite, amphibole 

(hornblende), feldspar, chloritised basalt; all of this is interpreted as ophiolitic 

detritus. 

The limestones from near the base of the succession are oosparites 

(packstones) and oncoidal foraminiferal biomicrites (packstones). The biomicrite 

contains rare clasts of serpentinite, chloritised basalt, feldspar, quartz and spinel. An 

isopachous sparry calcite cement fills cavities and veins in the biomicrite. 

Foraminifera form the nuclei of oncoids. 

Coarse shelly limestone in thin section is biomicritic packstone containing 

fragments of red algae, Nummulites, bryozoa, coral and bivalve. Rare sub-angular 

clasts of feldspar, chloritised basic lava, carbonated serpentinite and quartzite are 

present. (quartzite is coarsely polycrystalline with sutured grain boundaries and 

strained extinction patterns). 

In thin section, the coarse-grained calcarenites are poorly sorted, angular, to 

sub-angular, and contain quartz, feldspar, basic lava, chert, calcite, quartzite, spinel 

and fragmentary bioclasts including echinoids, red algae, foraminifera and bivalves. 

Coarse-grained sandstone from near Kömür village is porly-sorted, sub-rounded to 

angular with a micrite matrix and sparry calcite cement. Grain types include 

monocrystalline quartz, quartzite, chert, calcite, feldspar, opaque oxide (magnetite), 

clinopyroxene, carbonated serpentinite, chloritised and glassy basic lava, altered 

olivine (iddingsite), biotite, shell fragments, and whole Nummulites. Some sections 



10 

MI 
contain a much greater abundance of volcanic plagioclase and magnetite at the 

expense of other clast types. 

Mud/silt F M C 
Sand 

Figure 3.106. Sedimentary log of the Sipikör Formation exposed at Kohnemdagi (gr: 

i42,1963399176). 
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Figure 3.107. Sedimentary log of the Sipikor Formation exposed at Kohnemdagi (gr: 

i42,1945299112). 
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Figure 3.108. Sedimentary logs of the Sipikor Formation exposed at Kohnemdagi (gr: 

i42,1945299112). 
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Figure 3.109. Sedimentary log of the Sipikör Formation exposed near Goltepe (gr: 143, 

439877). 



Figure 3.110. Sedimentary log of the Sipikör Formation exposed near Kömür (gr: 142, 

363120766). 
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Figure 3.111. Sedimentary log of the Sipikör Formation exposed near Mecidiye (gr: 

W3, 49731300). 
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3.7.4 Depositional setting 

The Sipikor Formation accumulated in variable shallow-marine, lagoonal, deltaic, to 

fluvial settings. The mixture of well-rounded, to angular, grains is consistent with 

deposition in both fluvial and shallow-marine environments. The generally poorly 

sorted texture suggests reworking, mainly by gravity flows. This unit lacks the north-

vergent tectonic structures seen in the structurally underyling units. The formation is 

interpreted as a transgressive cover of the suture zone, deposited after the northwards 

emplacement of the Upper Cretaceous units in latest Cretaceous (Late Maastrichtian) 

time, but prior to thrusting in Mid Eocene time. The unit rests unconformably above 

the Upper Cretaceous Refahiye Complex, Karadag Formation and Karayaprak 

Mélange. Thus there was a break in deposition following northwards emplacement of 

these units. However, the Sutpinar Foramation (inferred forearc basin) passes 

gradually into the Sipikor Formation, indicating that the forearc basin remained a 

marine depocentre during northward emplacement and deformation of the 

Neotethyan units. 

3.7.5 Summary 

The Sipikor Formation contains microfauna that indicate a Palaeocene to 

Early Eocene age. The Sipikor Formation is up to -500 in thick and lies 

unconformably above the Upper Cretaceous mélange, ophiolitic and volcanic arc 

units (Refahiye Complex, Karadag Formation). However, the Sipikor Formation 

interdigitates with the Upper Cretaceous-Lower Eocene Sutpinar Fornmation 

(inferred forearc basin). 

The formation contains rounded continental-derived clasts in addition to 

ophiolitic lithoclasts derived from the Eurasian margin (Pontides) and the emplaced 

Neotethyan units. Faunal assemblages and sedimentary facies of the Sipikor 

Formation represent shallow-marine, lagoonal, fluvial and deltaic environments. The 

Sipikör Formation does not exhibit top-to-the-north compressional structures or a 

pervasive shear fabric as seen in the Upper Cretaceous Neotethyan units. Structural 

observations suggest that top-to-the-north deformation pre-dates deposition of the 
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Palaeocene-Lower Eocene Sipikor Formation in the Erzincan area. Top-to-the-south 

deformation post-dates its deposition. 

The Sipikor Formation is interpreted as a syn-collisional basin that was 

deposited upon the Neotethyan units following their northward emplacement onto 

the Eurasian margin. The age of the Sipikor Formation constrains northward 

emplacement of the Neotethyan units to pre-Palaeocene and constrains the south-

vergent deformation to post-Early Eocene. 

3.8 Summary of main results from the Izmir-Ankara-Erzincan suture 

zone in the Eastern Pontides 

The Ayikayasi Formation records the foundering ("pelagisation") of the 

Munzur Platform and development of a foredeep during Turonian-Campanian time 

related to southward thrusting and emplacement of the Neotethyan ophiolitic nappes. 

The Ayikayasi Formation is interpreted as a trench-margin collision facies 

and its tectonostratigraphic position is comparable to units of the same age found 

500 km southeast in the Taurides (Ozer et al. 2004). 

The Refahiye Complex is interpreted as a disrupted, but originally complete 

section of oceanic lithosphere and lithospheric upper mantle, of which the upper 

extrusive levels are not preserved. The petrology and geochemistry of the ophiolite 

have the characteristics of known back-arc basins. The metamorphic host rocks 

within the ophiolitic Refahiye Complex are comparable with the Upper Palaeozoic-

Lower Mesozoic metamorphic basement of the Pontides (e.g. Dogankavak Unit; 

Topuz et al. 2004). The presence of igneous contacts between diabase dykes and 

their metamorphic host rocks, therefore, suggests that the ophiolite did not form in an 

open-ocean setting, but instead as a rifted continental margin. The cross-cutting 

dykes within the metamorphic rocks are inferred to be related to the adjacent 

exposures of 100% sheeted dykes. They are unlikely to represent fragments of older 

dyke-rich metamorphic basement, as exposed in some parts of the Pontides (eg. 

Artvin region; T. Ustaömer, pers comm., 2004). 

The Karayaprak Mélange is interpreted as an emplaced Cretaceous 

accretionary complex. The Karayaprak Mélange contains two associations 

interpreted as; 1) Spreading ridge tectonic facies and; 2) Volcanic seamount tectonic 
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facies. Blocks within the The Karayaprak Mélange contain microfossils that indicate 

a Early Cretaceous age (e.g. Berriasian; 145.5-140.2 Ma; Gradstein et al. 2004). This 

reflects the age of the Neotethyan lithosphere that was being subducted at the trench. 

Blocks in the mélange are dominantly ophiolitic lithologies and to a lesser extent 

terrigenous clastic sedimentary rocks, suggesting that the accretionary complex 

developed in an oceanic setting. Rare olistostromal levels are present within the 

mélange. Outcrop of the unit is more abundant toward the south of the suture zone 

i.e. south of the Refahiye Complex and the Karadag Formation. This probably 

reflects the original position of the accretionary complex relative to the inferred arc 

and backarc units (Yaylacayi Formation and Kizilirmak Ophiolite respectively). 

The mélange was emplaced southward over the Permian-Upper Cretaceous carbonate 

platform (Munzur Dagi Formation; Ozgul and TurücU 1984) and the Upper 

Cretaceous (Turonian-Campanian; 93.5-70.6 Ma; Gradstein et al. 2004) inferred 

flexural foredeep (Ayikayasi Formation) during Turonian-Campanian time (93.5-

70.6 Ma). The mélange is unconformably overlain by Palaeocene-Eocene (65.5-33.9 

Ma; Gradstein et al. 2004) sedimentary rocks (Sipikor Formation). Northward 

emplacement of the mélange, therefore, occurred before Palaeocene-Eocene time 

(65.5-33.9 Ma). 

The Karadag Formation is interpreted as an emplaced Upper Cretaceous 

volcanic arc. Planktonic foraminifera indicate a Late Cretaceous age for the volcanic 

arc unit. The formation contains no terrigenous material and no metamorphic host 

rock and is thus likely to have developed far from any continental margin. 

Metamorphic host rocks may have been tectonically removed with the lower levels 

of the arc. Alternatively the arc may have developed upon oceanic crust. 

The inferred volcanic arc experienced north-vergent deformation related to its 

emplacement onto the Eurasian margin followed by south-vergent deformation 

related to ongoing collision between the Taurides and the Pontides. 

The Upper Cretaceous-Lower Eocene (Campanian-Ypresian 83.5-48.6 Ma) Sutpinar 

Formation comprises a 1500m thick regressive succession of carbonate and 

volcaniclastic sedimentary rocks and passes conformably into the overlying Sipikör 

Formation. The sedimentary rocks of the SUtpinar Formation were redeposited in a 

deep-water open-marine environment by turbidity currents and in submarine 
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channels. The regressive succession of the SUtpinar Formation could be interpreted 

as a stratigraphic response to relative sea-level change or to progradation of a 

submarine fan. The Sutpinar Formation contains no terrigenous material and a purely 

volcanic and carbonate source area is inferred. The volcaniclastic lithologies present 

are similar to those of the Karadag, inferred are unit and it is likely that the two units 

were originally intergradational. The Sutpinar Formation is interpreted as an Upper 

Cretaceous-Lower Tertiary regressive fore-arc basin. The inferred forearc basin 

shallowed and deposition continued throughout the northward emplacement of 

Neotethyan units onto the Eurasian margin. The Eurasian basement, emplaced 

volcanic arc, ophiolite and accretionary mélange units were sources of sediment to 

the evolving basin. 

Northward emplacement was followed by a marine transgression during 

Palaeocene-Early Eocene time (locally at least). Shallow-marine, carbonate lagoon, 

deltaic and fluvial depositional environments developed upon the emplaced 

Neotethyan ophiolitic and mélange units. 
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4 Tectonostratigraphy of the Central Pontides 

In this chapter information for the Central Pontides is set out and discussed. 

The layout of the next two chapters follows that for the Eastern Pontides in the 

previous two chapters. 

4.1 Introduction 

A formal redefinition of the Upper Mesozoic-Lower Tertiary rocks of the 

Izmir-Ankara-Erzincan suture zone in the Central Pontides is presented here in order 

to provide a framework for sedimentological, geochemical and structural studies 

detailed in the subsequent chapters. The stratigraphy of the area has been modified in 

some way or other with each publication such that there is now considerable 

confusion regarding subdivisions, outcrop area and description. This problem is 

compounded by a severe lack of palaeontological and geochronometric data. In this 

chapter, the stratigraphy of the rocks of the Izmir-Ankara-Erzincan suture zone in the 

Central Pontides will be redefined in line with the International Stratigraphical 

Commission's guide to stratigraphical procedure (Murphy and Salvador 1994). The 

need for a stratigraphic revision reflects the history of geological research in the 

Central Pontides. This chapter summarises the major stratigraphic units, including 

the basement units as a background for the stratigraphic revision that follows. The 

revised stratigraphy provides the framework for the more detailed description of the 

Upper Cretaceous-Lower Tertiary units of the IAES suture zone in the remainder of 

the thesis. This chapter concludes by proposing the stratigraphic scheme adopted in 

this thesis in order to investigate the Upper Cretaceous-Lower Tertiary geology of 

the Izmir-Ankara-Erzincan Suture Zone in the Cental Pontides. 

4.2 Revised stratigraphy 

The revised stratigraphy applies to the Upper Mesozoic-Lower Tertiary rocks 

of the suture zone and incorporates, with acknowledgements, previously published 

data. Previous stratigraphic nomenclature is retained as far as possible and the basis 

and methodology for this chapter is the same as that exlained in chapter 2.3 for the 
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Figure 4.1. Revised stratigraphy of the Central Pontides. 

Eastern Pontides. The revised tectonostratigraphy for the Central Pontides is shown 

in Figure 4.1. 
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Figure 4.2. Geographical map of the Central Pontides to show locations refered to in 

the text. Turkish map numbers are shown. 

4.2.1 Upper Cretaceous Kalecik Group 

Synonymy. Ankara Mélange (Bailey and McCallian 1950); Kalecik Unit 

(Tuysuz and Dellaloglu 1992); North Anatolian Ophiolitic Mélange (NAOM) (eg. 

Rojay 2001). 

Name: The Kalecik Group was named informally by TuysUz and Dellaloglu 

(1992) after the town of Kalecik located 50km east of Ankara (outside the area 

studied here). TUysuz (1990) further subdivided the Kalecik Unit to include the 

Kargi Group (named after the town of Kargi about 40km east of Tosya). The name 

Kargi Group was applied to outcrops of the Kizilirmak Ophiolite and the Kirazbai 

Mélange (sections 5.3 and 5.4) in this region but excludes any other Upper 
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Cretaceous volcanic and sedimentary associations. To avoid confusion this name has 

not been retained here. 

Lithology: The Kalecik Group includes all of the diverse range of Upper 

Cretaceous-Palaeocene units present within the Izmir-Ankara-Erzincan suture zone 

in the Central Pontides area. These are divided into six main tectonostratigraphic 

units (Eskikoy Formation, Kirazbai Melange, Kizilirmak Ophiolite, tkiçam 

Formation, Yaylacayi Formation and Yaprakh Formation) described below (Chapter 

5). Here, the application of the name Kalecik Group differs from the original usage 

by Tuysuz and DeIlaloglu (1992) as it includes an additional sedimentary unit, 

named here as the tkicam Formation (see section 5.7). 
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Figure 4.3. Geological map of the Central Pontides (Modified after Tuysuz, 1995). Line 

of section 1 (Figure 5.3) is shown. Eskikoy Formation and Yaprakit Formaton not 

shown because of scale. 
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Lower and upper boundaries: The Kalecik Group is imbricated with the older 

Mesozoic metamorphic basement rocks and younger Tertiary sedimentary rocks 

(Figure 4.3) and its upper and lower contacts are commonly south-vergent thrusts. 

Individual units within the Kalecik Group may exhibit a distinctive relationship 

relative to older units that are not applicable to the Kalecik Group as a whole. For 

example, at Kirazbai the Mélange unconformably overlies schistose metamorphic 

basement rocks. Eocene and younger sedimentary rocks commonly rest 

unconformably on the Kalecik Group. 

Thickness and lateral extent: The Kalecik Group is covered by the Tertiary 

sedimentary rocks of the çankiri Basin along its southern edge, which cover its 

lower boundary and prohibit field study. The Kalecik Group crops out in a belt up to 

50km wide that extends beyond the studied area in the Central Pontides 

southwestwards toward Ankara and Izmir and southeastwards toward çornm, Tokat 

and Erzincan (although nomenclature varies regionally). 

4.2.2 Campanian Eskikoy Formation 

Synonymy: Kirazbai Mélange (part of; TuysUz, 1990). 

Name: This unit is named after the village of Eskikoy near Kirazbai (Figure 

4.2), located about 60km north east of Tosya. The Eskikoy Formation and its contact 

relations are well exposed 2km south of the village. 

Lithology: The Eskikoy Formation begins with a thin (<lOm) grey 

microcrystalline pelagic limestone that contains pelagic Globotruncana sp. of 

Campanian age (Tuysuz et al. 1988; TuysUz 1990). This limestone passes upwards 

into a —150m thick sheared, thrusted and isoclinally folded section of clastic 

sedimentary rocks including shale, terrigenous turbiditic sandstones with shaly 

partings and porly-sorted matrix-supported conglomerates that contain rounded 
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metamorphic quartz pebbles. Towards the top of the succession the sedimentary 

rocks are thrust imbricated with ophiolitic lithologies of the Kirazbai Mélange. 

Lower and upper boundaries: At its base the Eskikoy Formation rests with 

angular unconformity upon the Eurasian schistose metamorphic basement (Kargi 

Complex; Ustaömer 1993) with a pisolitic bauxitic cap. At its upper boundary the 

unit is thrust imbricated with the Kirazbai mélange. 

Thickness and lateral extent: The Eskiköy Formation is '-450m thick at the 

measured section 2km south of Eskikoy village (Figure 4.2). However, the pervasive 

shear fabric and isoclinal folding preclude reasonable estimation of the original 

stratigraphic thickness. Also, thrusting has removed an unknown thickness of strata 

from the top of the unit. The only locality where both upper and lower boundaries 

were observed is near Eskikoy village. The Eskikoy Formation is commonly 

observed in thin (eg. -40m) thrust slices abundant within the more northerly outcrops 

of the Kirazbai mélange (eg. at Odemi near Ilgaz). 

4.2.3 Upper Cretaceous-Lower Eocene Kirazba, Mélange: emplaced 

accretionary complex 

Synonymy: Kirazbai Mélange (Tuysuz 1990); Anatolian Complex (Kocyigit 

1991); North Anatolian Ophiolitic Mélange (in part, Rojay 1993); "upper nape" of 

Kaecik Group (TUysuz et. al. 1995); Kirazbai Mélange (Ustaomer and Robertson 

1997); 

Name: This Unit is named after the village of Kirazbai located about 60km 

north east of Tosya (Figure 4.2) where good exposure of its contact relations and 

internal structure are seen. 

Lithology: The Kirazbai Mélange includes a pelagic limestone base passing 

up into shale and sandstone turbidites which are overlain by a tectonically deformed 

chaotic mixture of blocks of diverse size and lithology. The more commonly 

observed lithologies include serpentinised ultramafics, spilite or basalt, diabase, 
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radiolarian chert, pelagic and hemipelagic limestone; also mudstone, andesite, 

volcaniclastic sedimentary rocks, sandstone, neritic limestone, greenschist facies 

metavolcanics and metasedimentary rocks. Many of the blocks are likely to have 

been derived from the other Upper Cretaceous units described below. In the 

Merzifon region further east (outside the study area) the mélange is described as 

passing upwards conformably into coal-bearing deltaic and fluvial sandstones and 

conglomerates (Tuysuz et al. 1989, Yigitba et al. 1990). 

Lower and upper boundaries. In the type section, at Kirazbai, the base of the 

mélange is a grey pelagic limestone lying unconformably upon bauxitic mica-schist 

of the Upper Triassic Karakaya Complex. At its upper boundary the unit is 

unconformably overlain by Mid Eocene (Lutetian) and younger sedimentary rocks 

(eg. Kadikizi Formation; section 5.8), as observed at Kadikizi, about 30km north of 

Tosya (Figures 4.2 and 4.3). More commonly, individual outcrops of the unit are 

bound by south-vergent thrust faults. 

Thickness and lateral extent: The Kirazbai Mélange crops out as several 

thrust slices occurring at all structural levels within the suture zone. Their outcrop 

covers >800 km2  in the studied area. Thrust slices reach individual thicknesses of up 

to —1km. Estmating the thickness of the Kirazbai Mélange in this region is made 

difficult by its intense internal polyphase tectonic deformation and poor internal 

stratification. In addition, the suture zone in the south of the region is buried beneath 

younger post-collisional sedimentary rocks of the Tertiary çankiri basin. Excluding 

large-scale structural repetition the present thickness of the Kirazbai Mélange is 

estimated to exceed 6 km. 

4.2.3 Campanian-Maastrichtian K,z,I,rmak Ophiolite 

Synonymy: Kizihrmak Ophiolite (Tuystiz 1990; TUysuz and Dellaloglu 

1995); Kizilirmak Ophiolite (Ustaomer and Robertson 1997). 
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Name: The Kizilirmak Ophiolite takes its name from the Kizihrmak River of 

northern Anatolia. In the Central Pontides good exposure is found along the 

Kizilirmak River valley near Pelitcik village (Figure 4.2). 

Lithology: The Kizilirmak Ophiolite is a tectonicaly dismembered ophiolitic 

association that includes deformed serpentinised hartzburgite, cumulate pyroxenite, 

isotropic and layered gabbro, deformed greenschist facies metabasaltic pillow lava, 

and rare epiophiolitic hemipelagic limestone, chert and mudstone. 

Lower and upper boundaries. Both boundaries of this unit are south-vergent 

thrusts except where the upper boundary it an unconformity, with the unit being 

overlain by Eocene and younger sedimentary rocks. 

Thickness and lateral extent: The present thickness of the Kizilirmak 

Ophiolite is estimated to be about 3.5km based on the measured section at Pelitcik. 

The unit crops out as three large thrust slices in the area studied (Figure 4.3). These 

thrust sheets are widely separated and are located at Pelitcik, near Kamil; Eldivan 

south of cankiri, and north of Bayat, between Kunduzlu and Iskilip (Figure 4.2). 

4.2.4 Campanian-Maastrichtian lkicam Formation: emplaced 

marginal basin sedimentary rocks 

Synonymy: Terekyayla Formation of the Memlik Group (Ankara region, 

Kocyigit 1991); Upper Cretaceous-Palaeogene flysch (Ankara region, Rojay et al. 

2001); "passive margin sediments of the Sakarya continent (Lias-Upper Cretaceous)" 

(Ankara and the Central Pontides regions, TUysuz and Dellalolu 1995). 

Name: The tkiçam Formation is named after the village of tkicam (Figure 

4.2) which is situated close to a relatively undeformed outcrop of much of the 

succession. Unlike Tuysuz and Dellaloglu (1995) these sedimentary rocks are 

included within the Kalecik Group. 
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Lithology: The lower parts of the unit comprise thinly bedded (4cm) buff-

coloured micritic to muddy limestones with thin grey pelitic schist partings. In the 

higher levels the succession comprises coarser grained and more texturally immature 

and compositionally varied terrigenous and volcaniclastic (turbiditic) sandstones and 

shales, commonly dominated by calcareous grains. These sedimentary rocks are 

accompanied by rare monchiquite sills, alkalic lava and basaltic pillow lavas. The 

tkicam Formation laterally interdigitates with andesitic lava and coarse volcaniclastic 

conglomerates of the Yaylacayi Formation. The tkicam Formation represents a 

regressive deep-water slope facies with an increasing abundance of immature 

volcanic, ophiolitic and terrigenous sediment up-sequence together with minor 

contemporaneous basaltic-andesitic and alkalic magmatism. 

Lower and upper boundaries: The lower boundary is a south-vergent thrust 

whereever observed. The upper boundary is commonly a thrust but the unit is also 

unconformably overlain by Eocene and younger sedimentary rocks of the Tertiary 

cankiri Basin. The unit grades laterally into the Yaylacayi and Yaprakli Formations. 

Thickness and lateral extent: The Ikicam unit exceeds 3km measured 

thickness in the Korgun area but folding and thrusting give the unit a present 

thickness of more than 6km in places. Within the studied area the Ikicam Unit covers 

-400 km2  (Figure 4.3) and crops out as an elongate band within the imbricated suture 

zone (Kalecik Unit). The outcrop extends between Ankara and Tosya, and possibly 

further to the east and west. It predominantly crops out toward the northwest margin 

of the suture zone and at the higher structural levels within the Kalecik Group. 

4.2.6 Campanian-Maastrichtian Yay!a cay: Formation: emplaced oceanic 

volcanic arc 



204 

Synonymy: Yaylacayi Formation (Yolda 1982); Kodag Formation (Tüysuz 

1990); Yaylacayi Formation (TuysUz and Dellaloglu 1995). 

Name: The Yaylaçayi Formation was first recognised and named by Yolda 

(1982). It is not known if the name refers to a specific locality. The name means 

simply "highland stream". In 1990 a volcanic arc unit was mapped 10 km south of 

Tosya and named the Kodag Formation by Tuysuz 1990. Then in 1995 TuysUz 

mapped the Yaylacayi Formation further south within the Izmir-Ankara-Erzincan 

Suture Zone near the cankiri Basin. However, during this work it was found that 

there are sufficient similarities between the two units for them to be treated as a 

single unit. 

Lithology: The Yaylacayi Formation begins with basaltic pillow lavas 

passing gradually upwards into a succession of andesitic lava and coarse 

volcaniclastic conglomerate of intermediate composition. Felsic volcanics, intrusives 

and sulphide-mineralised tuff are present in lesser amounts. Stratigraphically higher 

levels of the Yaylacayi Formation comprise volcaniclastic psammite and shale that 

grade into pale grey, thinly bedded shaly and micritic limestones. At higher structural 

levels, the Yaylacayi Formation is metamorphosed to greenschist facies. The 

dominant lithologies are chloritic pelitic, volcaniclastic and metavolcanic schists and 

pelites containing epidote, talc, quartz, and albite. 

Lower and upper boundaries: The lower boundary of the Yaylacayi 

Formation is invariably a south-vergent thrust. The Formation is imbricated with the 

other units of the Kalecik Group, or younger sedimentary rocks (Figure 4.3). The 

upper boundary is commonly also a south-vergent thrust. Near the village of 

Yaprakli (Figure 4.2), the Yaylacayi Formation is unconformably overlain by the 

Yaprakli Formation. Near Suseki and Hacihalil, the Formation is unconformably 

overlain by mid-upper Tertiary and younger sedimentary rocks related to deposition 

in the cankiri Basin. 
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Thickness and lateral extent: The unit is estimated to be over 4000 m thick. A 

less deformed outcrop near Iskilip is estimated as -4000 m thick. 

The Yaylacayi Formation is exposed fairly extensively within the Izmir-Ankara-

Erzincan suture zone, covering '-SOOsq.km in the Central Pontides between cankiri 

and Tosya. Outcrop of the Yaylacayi Formation is concentrated in two zones: one at 

a lower structural level crops out along the south-eastern edge of the suture zone 

where it borders the çankiri Basin; The other occurs at a higher structural level in the 

suture zone and crops out along its northern and western edges. 

4.2.7 Campanian-Maastrichtian Yaprak!i Formation: arc-derived 

sedimentary rocks 

Synonymy: Yaprakli Formation (Birgili et al. 1975); Yaprakli Formation 

(TüysUz and Dellaloglu 1995). 

Name: The Yaprakli Formation takes its name from the village of Yaprakh 

(Figure 4.2), where good exposure is easily accessible by road. 

Lithology: The stratigraphically lower part the Yaprakli Formation consists of 

grey shales. These pass upwards into rudist-bearing, coarse-grained calcarenites, 

interbedded with volcaniclastic shales, thickly bedded glauconite-rich volcaniclastic 

sandstones, clast-supported conglomerates and coarse-grained debris-flow deposits. 

Abundant volcanic clasts are moderately rounded and andesitic in composition; the 

matrix is rich in feldspar and calcareous shell fragments. 

Lower and upper boundaries: The Yaprakli Formation lies unconformably 

upon the Yaylacayi Formation and is unconformably overlain by dacitic lava and 

tuff. The upper contact of the Yaprakli Formation is commonly thrust-faulted, being 

tectonically overlain by other units of the Kalecik Group. 

Thickness and lateral extent: The section at Yaprakli is estimated to be 

—500m thick before folding and thrusting. The main outcrop of the Yaprakli 
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Formation is located 1km north of Yaprakli village and covers an area of-75sq.km  

(Figure 4.3). 

4.2.8 Mid Eocene (Lutetian) Kadikizi Formation: post-collisional neritic 

limestones and deltaic clastic sedimentary rocks 

Synonymy: This unit has not been distinguished by previous workers. It may 

be correlative with parts of the Upper Cretaceous-Lower Tertiary Gokceagaç Unit of 

the Kastamonu-Boyabat basin to the north. 

Name: The unit is named after the village of Kadikizi where representative 

sections, with exposed contact relations, are accessible by road. 

Lithology: Buff coloured, Nummulite-bearing calcarenites near the base pass 

upwards into less Nummulite-rich mans, shales and calcarenites. Lenticular bodies 

of lithoclastic polymict conglomerate and poorly sorted sandstone beds with plant 

debris are present in increasing abundance at higher stratigraphic levels. 

Lower and upper boundaries: The Kadikizi Formation lies unconformably 

above the Kirazbai Mélange in the area north of Tosya. The upper boundary of the 

Kadikizi formation is commonly a south-vergent thrust fault which places various 

older units structurally above it. In the Kadikizi area the unit is unconformably 

overlain by red-beds and alluvium of Plio-Quaternary to recent age. 

Thickness and lateral extent: Based on mapping in the Kadikizi area the 

Kadikizi Formation is estimated as 300m thick (with no structural repetition). 

Within the area studied here the outcrop of the Kadikizi Formation is limited to the 

area near Kadikizi village where it covers 3sq.km. 

4.3 Sumary of tectonostratigraphy of the Central Pontides 

Previously there has been no formal and comprehensive attempt to clarify the 

stratigraphy of the Upper Cretaceous rocks within the Neotethyan suture zone in the 

Central Pontides. As a basis for further discussion of the Upper Cretaceous-Lower 
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Tertiary rocks of the Izmir-Ankara-Erzincan Suture Zone in the Central Pontides this 

chapter has outlined a stratigraphic scheme that identifies six individual formations 

of Late Cretaceous-Early Tertiary age within the suture zone. In addition, a new 

formation of Mid Eocene age is proposed here: the Kadikizi Formation. As it is the 

oldest unit unconformably overlying the ophiolitic mélange (Kirazbai Mélange), 

this unit is critical to the stratigraphic development of the suture zone. By contrast, a 

detailed consideration of the complex stratigraphy of the Tertiary sedimentary basins 

in the adjacent areas to the north and south (çanluri and Kastamonu-Boyabat basins) 

is outside the scope of the project. 

The lithostratigraphy presented here provides a meaningful basis for the 

analysis and interpretation of the suture zone presented in the following chapters of 

the thesis. 
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5 The Izmir-Ankara-Erzincan suture zone in the 

Central Pontides 

5.1 Introduction 

Six main tectonostratigraphic units of Late Cretaceous age were identified in 

the Central Pontides (Chapter 4). Each of these units is bounded by south-vergent 

thrusts and is unconformably overlain by Tertiary sedimentary rocks (Figures 5.1 to 

5.3). In addition, unconformable mid Eocene sedimentary rocks (Lutetian; 48.6-40.4 

Ma; Gradstein et al. 2004) provide a minimum age for north-vergent deformation in 

the region. This chapter presents new data from each of the Upper Cretaceous units 

and the oldest overlying unit (Eocene) and gives an interpretation of each. 

5.2 The Eskiköy Formation: Trench-margin collision fades 

The Eskikoy Formation (-150 in thick) crops out north of Tosya (Figure 5.4) 

and the best exposure of its contacts is found south of Eskikoy village (gr: F32, 

130660). The unit rests with angular unconformity on a thin (-3 m) unit of pisolitic 

bauxite that caps the schistose metamorphic basement of the Pontides (Kargi 

Complex; Ustaömer and Robertson 1997) (Figure 5.5). The underlying bauxite is a 

dense, hard, metallic red, mica schist. Towards the top of the formation the 

sedimentary rocks are thrust-imbricated with ophiolitic mélange (Kirazbai Mélange; 

see section 5.4). The Eskikoy Formation is also exposed as thin (40 m) thrust slices 

within outcrops of the mélange (e.g. at Odemi, near Ilgaz gr: F31, 459354). 

5.2.1 Structure of the Eskiköy Formation 

The Eskikoy Formation is tightly to isoclinally folded and cut by north- and 

south- dipping thrust faults (30-40') and sub-vertical strike-slip shear-zones (Figure 

5.5). Sedimentary structures (e.g. sharp bases and graded tops) and Thalassinoides 

sp. bioturbation at Eskikoy indicate that the unit is mostly the right-way-up but 

locally overturned and generally youngs southward. A pervasive north-vergent shear 

fabric is exhibited by argillaceous rocks within the unit. Small (<1 in wavelength) 
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north-vergent recumbent folds and duplex structures were also observed. Sandstone 

and limestone beds are commonly boudinaged. North-vergent shear zones commonly 

dip at 40°S/040 but various orientations were observed. The north-vergent 

structures are cut by the north-dipping thrusts and sub-vertical strike-slip faults. The 

north-vergent shear fabric is also folded by south-vergent folds (Figure 5.6). South-

vergent folds are asymmetrical with longer limbs dipping northward 45° and shorter 

limbs that are subvertical or overturned and dip steeply northwards (Figure 5.5-5.7). 

Axial planes dip to the northwest. Structural data from the unit are shown in Figures 

5.8 and 5.9. The strike of bedding planes is generally between 040°-060°. 

Sandstones, cherts and limestones are folded into parallel isoclines. Pelite and shale 

beds are folded into tight chevron folds (Figure 5.7). An open east-verging fold was 

observed locally. Sub-vertical strike-slip faults cut all of the structures mentioned 

above. Strike-slip faults within the unit are sub-vertical, strike 025° to 040° (Figures 

5.8 and 5.9) and exhibit sinistral slickensides with slickensides plunging up to 45° 

towards the northeast and southwest. 
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Figure 5.1. Key to symbols used in maps, logs and cross sections unless indicated 

otherwise. 
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Figure 5.2. Geological map of the Izmir-Ankara-Erzincan suture zone in the Central 

Pontides. Shown is line of section (Figure 5.3). 
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Figure 5.4. Geological map showing outcrop of the Eskiköy Formation, location of 

section shown (see Figure 5.5). 

The pervasive north-vergent shear fabric, faults and small-scale folds within 

the unit are refolded by south-vergent folds and cut by north-dipping thrust faults that 

indicate top-to-the-south deformation. South-vergent deformational structures appear 

more pronounced at the northern end of the outcrop, at Eskikoy. These later top-to-

the-south structures are in turn cut by the strike-slip shear zones. The Eskikoy 

Formation, therefore, records the relative timing of at least three distinct 

deformational events. The first deformation gave rise to a pervasive top-to-the-north 

fabric. These structures were then refolded by top-to-the-south deformation. Finally, 

there was a left-lateral strike-slip event probably related to the Neogene North 

Anatolian Fault Zone (Dhont et al. 1998). 
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5.2.2 Sedimentary fades of the Eskiköy Formation 

The base of the Eskikoy Formation is marked by thick-bedded (<50 cm), 

grey, massive microcrystalline limestone, '10 in thick (Figure 5.10). The limestone 

contains only planktonic foraminifera (e.g. Globotruncana sp.) of Campanian age 

(Tuysuz et al. 1988). The limestone passes upwards into sheared and isoclinally 

folded sandstones with shaly partings, —I 50m thick, with rare lenses of matrix-

supported conglomerate (<2  m). The sandstones are medium-bedded (<20 cm) and 

exhibit rare sole marks and Thalassino ides bioturbation (these features indicate that 

the sedimentary rocks locally young southwards, Figure 5.5). Individual sandstone 

beds have massive bases and fine upwards into laminated siltstone and/or mudstone. 

In addition, some beds exhibit parallel-laminated and/or cross laminated sand. 

Interbedded conglomerates have erosive bases and contain well-rounded clasts. 

In thin section, the sandstones are seen to contain grains of polycrystalline 

quartz, schist and detrital white mica, indicating a metamorphic source (Figure 5.11). 

The sandstones also contain abundant clasts composed of recrystallised chert, mafic 

lava and serpentinite. The succession passes upwards into thin-bedded red shale, 

pelite and radiolarian chert, tectonically imbricated with sheared serpentinite and 

gabbro of the Kirazbai Mélange. The conglomerate contains pebbles (<5 cm) of 

paraquartzite and schist in addition to clasts of red radiolarian chert and basalt. 

It is widely accepted that the Triassic schists underlying the Eskikoy 

Formation (Kunduz Unit) formed part of the Eurasian margin during Cretaceous time 

(Sengor and Yilmaz 1981; Tuyzuz 1990, 1999; Ustaömer and Robertson 1994, 1997; 

Yilmaz et al. 1997). The limestone unconformably overlying the bauxite contains 

only planktonic fauna (Globotruncanafornicata and Globotruncana lapparenti; 

Tuysuz 1990). The water depth inferred from their morphology is 'deep' i.e. 

thermocline or sub-thermocline (>700m; Stewart and Pearson 2000). The base of the 

Eskikoy Formation is, therefore, interpreted as a pelagic limestone succession 

representing open-marine deep-water carbonate deposition. The angular 
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Figure 5.7. Field sketch showing tight to isoclinally folded chert, shale and fine-grained 

sandstone. 

unconformity at the base of the Eskikoy Formation is interpreted to record 

subsidence of the Eurasian margin to form a foredeep during Campanian time (83.5-

70.6 Ma), prior to tectonic emplacement of the allochthonous oceanic units from the 

south. The bauxitic 'cap' to the underlying Triassic schist indicates that the Pontide 

(Eurasian) margin was locally emergent and undergoing 
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Figure 5.8. Lower hemisphere equal-area projection (Lambert/Schmidt) of structural 

data from the Eskiköy Formation. Great circle = measured fold axis. 
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Figure 5.9. Rose diagram showing strike-slip fault plane orientations within the 

Eskikoy Formation. 

tropical weathering before the transition to open-marine conditions during 

Campanian time. The lack of any basal conglomerate suggests an abrupt transition 

from terrestrial to open-marine conditions. Subsidence and initial deposition of 
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pelagic limestones were followed by deposition of sandstones and shales. Some 

sandstone beds exhibit the five 'Bouma' divisions (Ta-Te) which indicate deposition 

by turbidity currents (Bouma 1962). Although most individual beds do not exhibit all 

of the five divisions they are all observable in some beds within the succession. The 

sandstones also contain terrigenous material (muscovite and metamorphic lithoclasts) 

in addition to lithoclasts of an ophiolitic association and are therefore interpreted as 

terrigenous turbidites that were shed into the inferred foredeep. The source was the 

Pontide basement to the north that was being eroded and also the advancing Tethyan 

allochthonous units. Paraquartzite pebbles within the conglomerates were 

presumably also derived from the Pontide basement. The associated conglomerates 

are mainly matrix supported, indicating transport and deposition by sediment-gravity 

flows (or 'debris-flows'; Tucker 1982). Their well-rounded shape indicates abrasion 

of the terrigenous clasts in fluvial and/or beach environments before being 

redeposited into a deeper water setting by debris-flows. 

5.2.3 Summary 

The Eskikoy Formation, of Campanian age (83.5-70.6 Ma), records an abrupt 

change from tropical weathering of an emergent continental margin area to open-

marine pelagic carbonate deposition, initially with little or no elastic input. Carbonate 

deposition was followed by deposition of turbidites derived from terrigenous and 

ophiolitic sources. Taking account of its tectono-stratigraphic position (i.e. 

unconformably above Eurasian basement and tectonically overlain by ophiolitic 

mélange) the EskikOy Formation provides a record of subsidence of the Eurasian 

margin prior to the emplacement of accretionary mélange. It is likely that the 

subsidence of the Eurasian margin, and the deposition of the Eskikoy Formation 

were a direct result of the emplacement of ophiolitic units during the initial stages of 

the collision of oceanic and continental margin units. Therefore, the Eskikoy 

Formation is interpreted as a trench-margin collision facies (Robertson 1994). The 

Eskikoy Formation constrains the emplacement of the ophiolitic mélange to no older 

than Campanian (83.5-70.6 Ma). 
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Figure 5.11. Photomicrograph of turbiditic sandstone from the Eskikoy Formation. 

Note grains of quartzite and muscovite of metamorphic origin. 

5.3 Emplaced ophiolite slices: Kiz,I,rmak Ophiolite 

The Kizilirmak Ophiolite (TuysUz 1990), -3.5 km thick, occurs at several 

different structural levels within the suture zone. Outcrops of deformed ophiolitic 

rocks, 2-5 km thick, are found near Bayat and Eldivan, and also along the banks of 

the Kizilirmak River, at Pelitcik, near Kargi (Figure 5.12). The microfossils 

Globotruncana lapparenti BROTZEN, G. tricarinata QUERAU, G. fornicata 

PLUMMER are found within associated pelagic limestones and indicate a 

Campanian-Maastrichtian age for the Kizihrmak Ophiolite (Tuysuz 1990). The 

ophiolitic complex includes serpentinised harzburgitic tectonite (-50% by area of 

outcrop), cumulate pyroxenite and dunite (-10%), isotropic and layered gabbro 

(--40%). 
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Figure 5.12. Geological map to show outcrop of the Kizilirmak Ophiolite. Locations of 

Figures 5.14 to 5.17 are shown. 

5.3.1 Structure of the Kizilirmak Ophiolite 

In the Central Pontides lithologies of ophiolitic association occur as tectonic 

slices and large blocks (<1 km) that exhibit primary structures e.g. small pods and 

lenses of chromite in harzburgite, cumulate mineral layering in gabbro; chilled 

margins of diabase dykes. The ophiolitic pseudostratigraphy is commonly disrupted 

by north- and south-dipping serpentinitic and mineralized shear zones (Figures 5.15 

and 5.16). A relatively intact section crops out at Eldivan (Figure 5.17). Isolated 

dykes are uncommon in the Kizilirmak Ophiolite. No metamorphic sole is seen. 

At outcrop scale, the unit exhibits a pervasive north-vergent (south-dipping) shear 

fabric. Strike-slip faults and thrust faults dipping north and south cut the unit. To the 
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east of the Tosya Basin (Figure 5.12) the unit is tectonically juxtaposed by north-

dipping (south-vergent) thrusts against metamorphic basement units of the Pontides 

(Figure 5.15). The unit is bounded above and below by south-vergent serpentinitic 

shear zones, up to -400 m wide. 

The harzburgite exhibits a foliation formed by the alignment of bastite 

(altered orthopyroxene) and alignment of aggregates of chromite grains. The Si 

foliation in the harzburgite, measured at Pehtcik, dips 70°W1175° (Figure 5.18a). 

Measured strike directions of mineral layers in gabbro range between WNW-ESE 

and NNE-SSW, and dip steeply (>400)  southwards at Pelitcik. At Eldivan, the 

layered gabbro dips to the north. Chilled margins of diabase sheeted dykes are 

steeply inclined to sub-vertical and strike E-W to NE-SW (Figure 5.18a). 

The harzburgitic tectonite is commonly serpentinised and pervasively 

sheared. The shear fabric has largely destroyed the primary foliation (described 

above). Many different orientations of serpentinitic shear fabric and a wide range of 

local kinematic directions were observed in the serpentinised peridotite. These 

fabrics are probably the result of multiple deformations. Top-to-the-northeast thrusts 

and small (<50 cm) serpentinitic shear zones cut the S 1 foliation in harzburgitic 

tectonite. An associated north-vergent shear fabric (S2) dips gently southward and 

commonly has destroyed the S 1 foliation. Orientation and kinematic data for thrust 

faults in the Kizilirmak Ophiolite are shown in Figure 5.18b. Mafic/felsic mineral 

layers in gabbro are folded by open horizontal folds (wavelength —2 m), with axes 

inclined -30° towards the northeast and are cut by south-dipping shear zones that 

exhibit a top-to-the-north sense of motion. The shears form small-scale duplex 

structures in the layered gabbro (e.g. sigmoidal horses are <1 in long). Top-to-the-

north thrust faults cut the layering and the fold axes. Chilled margins of diabase 

sheeted dykes are also cut by south-dipping thrusts and shear zones. 

Top-to-the-north thrust faults and shear fabrics are commonly cut by north-

dipping thrust faults with a top-to-the-south sense of motion. Thrust fault orientation 

and kinematic data are shown in Figure 5.18b. The Kizilirmak Ophiolite exhibits 

reidal shears dipping to the north and to the south. 

Strike-slip shear zones and normal faults were observed cutting all of the 

structures mentioned above. Strike-slip faults cutting the Kizilirmak Ophiolite 
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exhibit dextral as well as sinistral slickensides. The orientations of dextral and 

sinistral strike-slip faults is shown in Figure 5.20. Kinematic data for sinistral strike-

slip faults are shown in Figure 5.18c. The mean orientation of dextral strike-slip 

faults in the Kizilirmak Ophiolite is 90° to the sinistral strike-slip faults. No cross-

cutting relationships of the dextral faults were observed. 

The orientations of primary structures (e.g. mineral layers in gabbro, sheeted 

dyke contacts) within the Kizihrmak Ophiolite show reasonable coherence. The 

foliation in harzburgite is interpreted as a mantle flow fabric. Its present sub-vertical 

orientation could be the primary mantle flow direction but more probably is the result 

of rotation during emplacement or later deformation (for example as seen in Oman 

(Girardeau et al. 2002)). With the exception of outcrops near Eldivan layering in the 

gabbro is orientated at a high angle relative to the foliation measured in the 

harzburgite at Pelitcik. The original orientation of the layering in the ophiolitic 

gabbros is not known. Therefore, the layered gabbro does not record how much 

rotation has occurred or how coherent the structure of the ophiolite is. The layers in 

the gabbro are orientated similarly to the sheeted dyke contacts (ie. steep to sub-

vertical and striking NE-SW). If it is assumed that the ophiolite forms a coherent 

structural unit then the layers could represent crystallisation on the steep walls of a 

magma chamber. Tectonic rotation is more likely as layered gabbro does not usually 

form at steep angles (Dewey and Kidd 1977). The sub-vertical, to inclined, 

orientation of the sheeted dyke contacts indicates that the maximum final ammount 

of tilting of the ophiolite is —46° towards the southeast. If horizontal rotations of the 

ophiolite are assumed to have been small the strike of the sheeted dyke contacts 

suggest that the ophiolite was formed by roughly NNW-SSE spreading, and is 

indicative of a regional extentional palaeostress in roughly this orientation. The dyke 

contacts are roughly parallel to the strike of the suture zone and the current Eurasia-

Anatolia plate boundary (the North Anatolian Fault Zone). Tectonic rotation to the 

present orientation is possible. 



224 

Basaltic pillow lava 
3 

Isotropic gabbro 
i - 	- Layered gabbro 

_I Cumulate dunite 
_I 	.I & pyroxenite - 

2— 'Ns 
S 	- 

SIS 

" 	
/ 

S s 

S \ serpentinised harzburgite 
S .— 

 

1_ s 
 
/ s 

_—s 	s 
S 	s sheared serpentinite 
S 	S 

S 

serpentinised harzburgite 

sheeted diabase dykes 11111111 

Figure 5.13. Log of the ophiolitic Krzilirmak Ophiolite exposed near Pelitcik (gr: 

F33, 569666). For key to symbols see 5.1. 
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Figure 5.14. Geological map of the Pelitcik area. For key to symbols see Figure 5.1. 
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Figure 5.16. Geological map of the Kizilirmak Ophiolite East of Bayat. 
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Figure 5.18. Equal-area plots (Schmidt/Lambert) showing structural data from the 

Kizilirmak Ophiolite. 
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n6 
Figure 5.19. Rose diagram showing strike orientations for sheeted dykes within the 

Kizilirmak Ophiolite. 

The earliest deformational structure observed is the foliation in harzburgite. 

This tectonic fabric is a common feature of harzburgite in ophiolites and is 

interpreted as a mantle flow fabric. The second deformational event gave rise to a 

top-to-the-north shear fabric and top-to-the-north thrusting. This is interpreted as the 

emplacement direction (Ustaömer 1993). A third deformational event produced top-

to-the-south thrusting and imbrication of the ophiolite with the adjacent Eurasian 

basement and Neotethyan units. the final deformation produced the sub-vertical 

strike-slip faults that cut all of the other structures in the unit. D4 is related to plio-

quaternary transform motion of the North Anatolian Fault Zone. 

Dextral strike-slip faults are orientated 	to the sinistral strike-slip faults. 

Because of their NNW-SSE orientation it is unlikely that the dextral strike-slip faults 

are related to the North Anatolian Fault Zone which trends E-W in the Central 

Pontides (Dhont et al. 1998). The dextral faults are also normal to the strike of 

sheeted dyke contacts (i.e. the trend of the ancient spreading-ridge). Cross-cutting 

relationships were not observed for the dextral strike-slip faults. The dextral faults 
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a) top-to-the-north thrust faults b) top-to-the-south thrust faults 

c) dextral strike-slip faults d) sinistral strike slip faults 

Figure 5.20. Rose diagrams showing strike directions of fault planes within the 

Kizilirmak Ophiolite. 

may pre-date ophiolite emplacement and could represent the effects of oceanic 

transform-faulting. This suggestion is supported by the observation that the foliation 

measured in harzburgite (interpreted as a fabric pre-dating emplacement) is sub-

parallel to the orientation of the dextral strike-slip fault planes. 
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5.3.2 Petrology of the Kizilirmak Ophiolite 

Peridotites 

Peridotites of the Kizilirmak Ophiolite are serpentinised harzburgites in 

which primary olivine and orthopyroxene (pigeonite) are almost completely replaced 

by mesh-textured serpentine and bastite, respectively. The harzburgite contains small 

(<1 mm) partially resorbed grains of chromite. The harzburgite preserves a coarse 

(<5 mm) primary igneous texture of interlocking crystals and exhibits a mineral 

foliation. Commonly, the serpentinised peridotite is highly sheared. Some 

serpentinitic shear zones are mineralised with dolomite, hydromagnesite and/or 

sepiolite. Fibrous, massive and botryoidal varieties of white sectile sepiolite are 

observed. 

The primary mineralogy (orthopyroxene+olivine) and texture (coarse grained, 

Si tectonite) support a lithospheric mantle origin for the serpentinised harzburgite. 

Their clinopyroxene-poor composition indicates that they are highly depleted in the 

incompatible elements as a result of a relatively high degree of partial melting or 

remelting of the mantle wedge (Saunders et al. 1988). 

Sepiolite is a hydrous phyllosilicate known to occur as a secondary mineral 

associated with serpentine and which precipitates from alkali saline waters in and 

environments (Jones and Galan 1988, Yalcin and Bozkaya 2004). The presence of 

dolomite (CaMg(CO3)2) indicates that carbonated fluids may have reacted with the 

Mg-rich ultramafic rocks along shear zones where permeability is greater (Allaby 

and Allaby 1990; Yalcin and Bozkaya 2004). The age of mineralization is not 

known. 

Cumulates 

Layered gabbro, lherzolite, dunite and pyroxenite are found exposed between 

outcrops of peridotite and isotropic gabbro near Eldivan, Pelitcik and Bayat (Figure 

5.12). Layered gabbro exhibits centimetre-scale alternating fine- and coarse-grained 

(0.5 mm-7 mm) mafic and feldspathic layers (e.g. near Pelitcik, gr: F33, 
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5671967074). Thick (<4 m) mafic mineral layers, separated by thin (2-10 cm) 

feldspathic partings, are exposed in parts of the complex (e.g. near Gölahlatcik, gr: 

G32, 1163313602), while other exposures exhibit thick (<3 m) feldspathic layers 

with thin (20 cm) mafic partings (e.g. near Kunduzlu, gr: G32, 0457812896; Figure 

4.2). Orthopyroxene and olivine in the mafic layers are altered to bastite and 

iddingsite, respectively. Hornblende is also observed in some layers and is probably 

a secondary mineral after clinopyroxene. The dip of the mineral layering is varied 

but generally steep (e.g. 85°S/063 at Pelitcik, 75°N/060 at Gölahlatcik). The layers 

are cut by irregular veins of pegmatitic pyroxenite. 

Isotropic gabbro 

Gabbro and microgabbro are exposed in contact with cumulates near Eldivan, 

Bayat and Pelitcik (Figures 5.12, 5.16 and 5.17). The gabbro is light grey, massive, 

coarse to medium grained (1 mm) and homogenous, containing 50% feldspar and 

-50% pyroxene. In thin section, the gabbro exhibits a granulitic texture of 

interlocking euhedral equant grains of plagioclase feldspar (with extinction angles up 

to 500  between twins, indicating a composition of anorthite 90%) and elongate grains 

of altered orthopyroxene (bastite; <1.5 mm long). Near Eldivan, a thick exposure 

(>200 m) of massive microgabbro (or diabase) without chilled margins is cut by rare 

thin (-30 cm) gabbroic dykes. 

The mineralogy of the gabbro indicates that it formed by crystallization of a 

basaltic magma. The coarser grained gabbro may represent high-temperature slow 

crystallization at a deep crustal level, whilst the medium-grained gabbro probably 

crystallized more rapidly at a higher, cooler level in the crust. The crystallizing body 

of magma represented by the gabbro is interpreted as the source of melt for the 

diabase dykes above, and crystals for the cumulate layers beneath. As the gabbro 

crops out between cumulates and sheeted dykes it has retained its primary 

pseudostratigraphic position. 
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Diabase sheeted dykes 

A thin slice (-200 m) of sheeted diabase dykes (individually 40-50 cm 

thick) is well exposed near Pelitcik (Figures 5.14 and 5.15). The dyke chilled 

margins dip steeply to the northwest. In thin section, the dyke rocks are seen to 

contain primary plagioclase (<75%) and clinopyroxene (-25%) occurring in the 

groundmass and as phenocrysts. Orthopyroxene (commonly occurring as bastite) is 

seen in some samples. Secondary hornblende, epidote and chlorite are abundant. 

Thin sections show that the feldspars are albitised, sericitised and turbid with a 

decussate recrystallised texture. 

The slightly porphyritic texture of the diabase dykes indicates that the magma 

underwent partial crystallisation prior to dyke injection. The assemblage of 

secondary minerals is the same as that observed in the ophiolitic Refahiye Complex 

(eastern Pontides) and indicates metamorphic reaction with seawater at 

approximately 200 to 450°C and 500-600 bars; compatible with sea-floor 

hydrothermal metasomatism of mid- to shallow-level oceanic crust (Elthon and Stern 

1978; Motti 1983). 

5.3.3 Igneous Geochemistry of the K,z,I:rmak Ophiolite 

5.3.3.1 Whole-rock geochemistry of basic igneous rocks 

One sample of basaltic pillow lava and four samples of diabase dykes from 

the Kizilirmak Ophiolite were analysed by XRF for whole-rock major and trace-

element geochemistry (see section 3.3.8 and Appendix 2 for analytical methods). All 

the samples have SiO2  concentrations <54% and MgO+CaO between 12-22% and 

are, therefore, within the range of naturally occurring unaltered basic igneous rocks 

(Pearce 1973). Among the samples there are poor correlations between the 

concentrations of A1203, a relatively immobile element, and SiO2, CaO, Fe203  or 

MgO (Figure 5.21), which are all potentially mobile during metamorphism, 

hydrothermal alteration and weathering (Loughnan 1969). The lack of any 

correlations suggests that the rocks were affected by alteration processes, 

corroborating the petrographic observations described above. Variations between 

pairs of elements known to be immobile (Figure 5.22; Loughnan 1969) show good 

correlations. This suggests that these samples are magmatically related and belong to 
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a co-magmatic suite. Furthermore, the concentrations of immobile elements were not 

significantly affected by post-magmatic geochemical processes. 

Plotted on the total alkalis (K20+Na20) versus silica diagram (Figure 5.23; 

Le Maitre 1989) the samples of basaltic pillow lava and diabase sheeted dykes from 

the Kizilirmak Ophiolite are classified as basalts, with one basaltic andesite. K, Na 

and Si are all potentially mobile during alteration and so this classification is 

unreliable. A more useful classification for altered rocks can be achieved using the 

immobile elements: Zr, Ti, Nb and Y (Figure 5.24). Figure 5.24 shows that the rocks 

are basaltic to andesitic in composition and can therefore be used to discriminate 

between tectonic environments or petrogenetic provinces (which requires the use of 

basic igneous rock compositions for accurate determinations; section 3.3.8; Pearce 

and Cairn 1973). 

The tectonic discrimination diagrams are shown in Figures 5.25 to 5.31. On 

the Ti-Zr-Y diagram (Figure 5.25; Pearce and Cann 1973) two samples do not plot in 

any of the compositional fields. Three remaining samples plot within the 

compositional range for 'Ocean-Floor Basalts' or 'Low Potassium Tholeiites'. On 

the Cr/Y diagram (Pearce 1982; Figure 5.26) the samples all fall within the 

compositional field of MORE but with ambiguity regarding two samples because the 

fields of 'Within-Plate Basalt', 'Volcanic Arc Basalt' and MORB overlap. One 

sample is unambiguously MORB on the Cr/Y diagram. On all the other diagrams 

(Figure 5.27 to 5.31) the samples fall neatly into the compositional range that is 

transitional between MORB and 'Low Potassium Tholeiites'/'Arc Lavas'/'Island Arc 

Tholeiites'/'Volcanic Arc Basalts' based on Ti/Zr, Zr/Y versus Zr and Nb-Zr-Y 

ratios respectively (Figures 5.27 to 5.30). On the Zr/Y versus Zr diagram (which 

distinguishes between enriched (continental) and depleted (oceanic) volcanic arc 

basalts; Figure 5.29) the samples fall within the field for oceanic volcanic arcs. The 

N-MORE type basalts may have been erupted at a greater distance from the 

subduction zone than the basalts of island are tholeiite type (Saunders and Tarney 

1984; Pearce 1973, 1982; Bloomer 1995). basalt geochemistry is influenced by the 

distance of the backarc spreading centre from the trench in modern backarc basins 

(Saunders and Tarney 1984; Pearce 1982). 



	

22 	 25- 

A 

20 

	

18 	 20- 	
A 

A 

	

16 	 4 	 - 
C) 	 A 

o 	 A 	 A 

	

(1 14 	 15- 	 A 

12 

	

10 	 10 
0 	2 	4 	6 	8 	10 	12 	14 	16 	 0 	2 	4 	6 	8 	10 	12 	14 	16 

CaO (wt %) 	 Fe203 (wt. %) 

	

25 	 22 

A 

20 

	

20 	
A 

18 

A 	 A 	 A sheeted dykes 

	

15 	 16 

CI4 	
14 

40 	

A 	

60 	 0 	 2 	 4 	 6 	 8 	- 	10 

• basic extrusiveJ 

12 

Si02 (wt. %) 	 MgO (wt. %) 
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Figure 5.26. Basic igneous rocks from the Kizilirmak Ophiolite plotted on the Cr-V 

discrimination diagram (Pearce 1982). 

238 



KIimnk Go.p 

239 

15000 

10000 
E 
CL 
a. 

iz 
5000 

0- 

0 

H KiIiflT(GOLp 

50 	100 	150 

Zr (PPM) 

 

Figure 5.27. Basic igneous rocks from the Kizilirmak Ophiolite plotted on the Ti/Zr 

discrimination diagram (Pearce and Cann 1973). Ocean-floor basalts plot in fields D 

and B; low-potassium tholeiites in fields A and B, and caic-alkali basalts in fields C and 

B. 

K2j1 	Ot.p 

WITHIN 
PLATE 

CL 
 10000 	 LAVAS 	 . KlirrmkQtL4D 

ARC LAVAS 

1000 

10 	 100 	1000 

zr (ppn 

Figure 5.28. Basic igneous rocks from the Kizilirmak Ophiolite plotted on the log Ti/log 

Zr discrimination diagram (Pearce 1982). 



Kizilirmak Group 

10 
ocean 

- island 
basalt 

Zj:IY . 	. 	. 	. 	....... 	. 	• . Kizilirmak Group 

.•. 	•.' 	• 	- MORB 

\sland arc 
basalts 

10 100 
Kizilirrnak Group 

1000 

Zr ppm 

N 

10 

Kizilirmak Group: 

10 	 100 	 1000 

Zr ppm 
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Figure 5.30. Basic igneous rocks from the Kizilirmak Ophiolite plotted on the V/Ti 
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Chromian spine! chemistry 

Chromite grains were analyzed within one sample of serpentinised 

harzburgite from the Kizilirmak Ophiolite (P002/37; for analytical procedure see 

section 3.3.9 and Reed 1975). Cores and rims of seventeen individual chromian 

spinel grains were analysed in the sample. The results are shown in Figure 5.32. The 

analyses fall within the field of alpine type peridotites and are close to the abyssal 

peridotite compositional field. 

Dick and Bullen (19 84) divided ophiolitic peridotites into three types based 

on spinel compositions. Type I peridotites are similar to those found at mid-ocean 

ridges; Type III represent volcanic arc settings, and type II are transitional and the 

most likely candidate for their formation is in a backarc basin. Type I peridotites 

have low Cr# (<60) and plot towards the bottom of Figure 5.32. Type III peridotites 

plot at the top of the diagram (Cr# >60). Type II cover the full range of spinel 

compositions (Dick and Bullen 1984). The data from the Kizilirmak Ophiolite show 

that the sample cannot be a type III ophiolitic peridotite. It could be either type I or 

type II. This suggests the Kizilirmak Ophiolite represents either lithosphere formed 

at a mid-oceanic ridge or in a backarc setting. Analysis of a greater number of 

samples could clarify this result. Only one sample from the Kizilirmak Ophiolite was 

petrographically suitable. 

5.3.4 Petro genesis and tectonic setting of the Kizilirmak Ophiolite. 

The lower levels of the ophiolitic pseudostratigraphy are preserved, 

dominantly. Unlike the ophiolitic Refahiye Complex in the Eastern Pontides (section 

3.3), the Kizilirmak Ophiolite does not encompass metamorphic host rocks. The 

Kizilirmak Ophiolite is interpreted as a deformed, incomplete section of oceanic 

lithosphere of Campanian-Maastrichtian age, which could have formed in either a 

mid-oceanic ridge or a backarc setting. South-dipping thrusts and pervasive shear 

fabric confirm that the emplacement direction of the ophiolite was from the south-

southwest towards the north-northeast, as suggested by Ustaömer (1993). 
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Bullen 1984). Sampling location; Pelitcik (gr: F33, 5633065332). 

Geochemical studies indicate that the ophiolite represents lithosphere that formed in 

a tectonic-petrogenetic setting transitional between a mid-oceanic spreading centre 

and an oceanic volcanic arc. Comparison of the geochemical results with published 

analyses (Keller and Fisk 1992; Saunders and Tarney 1984; Shervais 1982; Pearce et 

al. 1984) suggests that the Kizilirmak Ophiolite could have formed within a backarc 

basin setting. 
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5.3.5 Summary 

The Kizilirmak Ophiolite is a 3.5 km thick, relatively intact ophiolite of 

Campanian-Maastrichtian age (83.5-65.5 Ma; Tuysuz 1990). Coherency of ENE-

WSW sheeted dyke orientations suggests that an oceanic spreading centre could have 

been orientated in this direction, and suggests regional NNW-SSE extentional 

palaeostress. Dextral strike-slip faults are orientated -90° to the sheeted dykes (i.e. 

NNW-SSW) and may represent oceanic transform faulting. 

Isolated diabase and plagiogranite dykes are uncommon in the Kizihrmak 

Ophiolite. Whole-rock basalt geochemistry and chromian spinel compositions 

indicate that the Kizilirmak Ophiolite represents either lithosphere formed at a mid-

oceanic ridge or in a backarc setting. 

The ophiolite exhibits a pervasive north-vergent shear fabric cut by top-to-

the-south thrust faults and sinistral strike slip faults. The ophiolite was emplaced 

from south to north during Late Cretaceous (Campanian-Maastrichtian) time. 

Following emplacement onto the Eurasian margin, the ophiolite was later deformed 

by top-to-the-south thrust faults related to collision between the Tauride-Anatolide 

plate and Eurasia. 

5.4 Late Mesozoic accretionary complex: Kirazba, Mélange 

An ophiolitic mélange unit, the Kirazbai Mélange (TuysUz 1990) crops out 

extensively within the suture zone and is distributed throughout several structural 

levels (Figure 5.33). North of Tosya, the Kirazbai Mélange is tectonically 

imbricated with older basement rocks. Samples collected from several of the blocks 

during this project contain age-diagnostic calcareous microfossils. These samples 

yielded ages ranging from Early Cretaceous (Albian) to Late Maastrichtian, based on 

the identification of Pseudosiderolites vidali DOUVILLE and Rotalipora sp. (Prof. 

Izver Ongen, Prof. Kemal Tali and Prof. Nurdan Inan, Pers. comm. 2004; see 

Appendix 1). Based on the biostratigraphic data (Appendix 1) a maximum age for 

the mélange accretion is suggested by the youngest known age of blocks in the 

mélange (i.e. Late Maastrichtian). The mélange is unconformably overlain by Eocene 

Nummulitic limestones and fluvio-deltaic sandstones (Kadikizi Formation) that 
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postdate suturing (section 5.8). A minimum age of mélange formation is indicated by 

the Eocene age of the unconformably overlying sedimentary rocks (Kadikizi 

Formation; section 5.8). As noted above (section 5.2), in the north the mélange 

tectonically overlies the Upper Cretaceous basinal Eskikoy Formation. 
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Central Pontides. 1 = map at Gerze (Figure 5.35); 2 = location of road section at 

Akkaya (Figure 5.34). 



246 

radiolarite 
shale 

I®-.\ - 

schist 	 folded basaltic 

(Karakaya Formation) 	pillow lava 
sandstone, pelite 
pelagic limestone 

metabasite 

turbiditic sandstone 

lava 

Z7 	7 

We'".n.n; 

Globotruncana- bearing 
pelagic limestone 

illIllili 

Figure 5.34. Road-section at Akkaya. See Figure 5.33 for location. 



247 

5.4.1 Structure of the Kirazba, Mélange 

The Kirazbai Mélange contains blocks and slices ranging in size from <1 

mm to >1 km. The blocks have sheared and faulted edges and are internally 

deformed at outcrop scale (Figure 5.34). The blocks are commonly tectonically 

juxtaposed or are separated by wide (<100 m) zones of sheared serpentinite or a 

brecciated muddy litharenitic matrix or fault gouge. The matrix is not bedded. Blocks 

are less commonly set in a scaly clay matrix or fault gouge. 

Shear fabrics are concentrated in the matrix around the blocks but also are 

observed within blocks. A pervasive top-to-the-north shear fabric (-60°SEI170) is 

cut by top-to-the-south shear zones (60°N/040). The top-to-the-north shear fabric is 

also folded by south-vergent asymmetrical upright folds (wavelength 2 m). 

A wide variety of fold geometries is observed within blocks of bedded 

sedimentary rocks, i.e. chert, mudstone and sandstone. Fold axes commonly exhibit a 

low angle of plunge. Vertical axes are less commonly present. Minor recumbent 

folds are common in blocks of ribbon chert. Upright open to tight, parallel folds and 

inclined tight chevron folds were observed. Kink bands in hemipelagic mudstone 

near Pelitcik (gr: F33, 541611) dip 45°/070°. Small-scale recumbent asymmetrical 

folds commonly verge northwards. 

The Kirazbai Mélange exhibits abundant thrust faults, normal faults and 

strike-slip faults. Some of the faults are confined to this unit. Others pass into 

adjacent units. Fault data are given below. 

The Kirazbai Mélange exhibits a wide range of bedding and cleavage 

orientations within blocks (Figure 5.36a, b). Bedding and cleavage planes within the 

blocks rarely strike WNW-ESE. Pebbles within blocks of conglomerate are flattened 

in the cleavage plane. Bedding within the blocks is commonly orientated sub-parallel 

to cleavage. The mean strike direction of bedding is NE-SW. The mean strike 

direction of cleavage is NNE-SSW. Poles to cleavage planes (Figure 5.36b) are 

distributed around an axis trending roughly north-south. This direction is coincident 

with the mean strike direction of fold axes within blocks in the mélange (Figure 

5.37c). 



t 
Ir-' 

- 	-4-- 	\1 5 	- 	 32 	- 

401 

Y 	 80 

A 	 40 65 	 -, 

80 

Ford 
U 	100 	association 2 

melange

association 1 

41°14 
	 41'14'  

Figure 5.35. Detailed geological map of an outcrop of the Kirazbai Mélange at 

Gerze. See Figure 5.33 for location, see Figure 5.1 for key to symbols. 

MR 



249 

a) 

ID V 

V° 	 0 , 	 V 	V 

0 	

0 	
77 0 

0 V 	 0 
0 

U 	 + c 
° e 0 

 g00 oO 0 0 

V V c 	V 
V 

	

0 0 	
00 

c) 

poles to shear fabric 	* fold axes (plunge) 

poles to bedding 	• poles to fold axial planes 

poles to cleavage 	crenulation lineation 

poles to crenulation cleavage 

Figure 5.36. Structural data from the Kirazbai Melange, a) poles to bedding and shear 

fabric; b) poles to cleavage; c) crenulation cleavage planes (great circles) and 

crenulation lineation; d) fold data. 



250 

C) (i' 

Figure 5.37. Rose diagrams showing structural data from the Kirazbai Melange, a) 

strike of beds; b) strike of cleavage; c) strike of fold axial planes; d) strike of shear 

fabric. 

Crenulation cleavage observed in blocks of mica schist exhibits a range of 

orientations. The apparent irregularity of crenulation cleavage may illustrate the 

structural complexity of the mélange but also reflects a small dataset. Crenulation 

cleavage in blocks of mica schist could have been attained before inclusion in the 

mélange. Subsequent deformation within the mélange before, during, or after its 

emplacement would have rotated early structures. Shear fabric (measured in the 

matrix and in blocks) show a large range of orientations within the Kirazbai 

Mélange (Figures 5.36a and 5.37d). The mean strike of the shear fabric is NE-SW. 

Faults orientation data are shown in Figure 5.38. 
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5.4.2 Sedimentary fades and igneous petrology of the Kirazbai 

Mélange 

The most common lithologies in the mélange are serpentinised ultramafic 

rocks, basalt/meta-basalt, andesite, diabase, red radiolarian chert, 

pelagic/hemipelagic limestone, shale, volcaniclastic and terrigenous quartsoze 

sandstone and neritic limestone. The matrix is either sheared serpentinite, or a poorly 

sorted mixture of all of the above lithologies. In some localities scaly clay or 

deformed sedimentary breccia comprise the matrix of the Kirazbai Mélange, 

indicating a sedimentary "olistostromal" origin for some levels of the mélange. The 

matrix and blocks in the mélange form lithological associations which can be 

mapped (Figure 5.35), notably a chert+basalt+serpentinite+clastic sediment 

association (association 1; Figure 5.35); and abasalt+massive limestone 

+volcaniclastic sedimentEandesite association (association 2; Figure 5.35). The two 

associations are commonly tectonically imbricated. 

5.4.2.1 Radiolarite-basalt-serpentinite-clastic association 

The Kirazbaasi Mélange contains an association consisting of blocks of 

serpentinite, altered basaltic lava, uralitic diabase and interbedded (lO cm) red 

radiolarian chert, pelagic limestone and mudstone (association 1; Figure 5.35). 

Metabasite and chert blocks are generally most abundant in more southerly outcrops 

of the Kirazbai Mélange. Towards the north (Akkaya, Kadikizi, Odemi, Burnuk; 

Figure 5.33) blocks of clastic sedimentary rock are more abundant. 

The radiolarite-metabasite-clastic association is well exposed, e.g. 16 km 

north of Tosya, near Bürnük (gr: F32, 895549). Towards the southern end of the 

outcrop at Bürnük blocks of recrystallised red radiolarian 'ribbon' chert and chloritic 

metabasite are separated by serpentinitic shear zones. Vesicular basalt flows are 

intebedded with red chert. Rare blocks of mica-schist and psammite are also 

observed in the southern part of the outcrop. Clastic sedimentary rocks are abundant 

in the structurally higher northern part of the outcrop. The grain size of the clastic 

sedimentary rocks ranges from mudstone to sandstone. Dark grey arkose, calcareous 

siltstone and bedded micritic limestone are exposed north of BUmUk village. In 
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addition to elastic sedimentary rocks the mélange contains blocks of calcareous tuff 

interbedded with radiolarian micritic limestone, as seen north of BUrnük village. 

The Kirazbai Mélange contains blocks (10-50 in long) of diabase, pillow 

lava and red pelagic limestone, for example -5 km north of Ilgaz (Figure 5.33). This 

association contains slices of gabbro up to -1 km long (seen between cankiri and 

Ilgaz at BuyUk Yayla; gr: G31, 602200; see Figure 5.33). Pillow lavas within this 

association are commonly aphyric and non vesicular. A block of basaltic pillow lava 

breccia with a red pelagic limestone matrix was also observed north of Ilgaz. Blocks 

of diabase (sheeted dykes with well-preserved chilled margins) were observed 13 km 

southeast of Ilgaz (near Yuvasaray (gr: G31, 640240) and also near Aagikaya; (gr: 

G31, 710270)). The diabase is uralitic and is locally associated with metabasalt, 

uralitic gabbro and ultramafic cumulates. These blocks are separated by zones of 

sheared serpentinite of varied thicknesses. 

The structurally highest thrust slice of the Kirazbai Mélange is exposed at 

Kadikizi, Kirazbai and at Akkaya (Figure 5.33). The mélange there contains 

interbedded mudstone, pelagic limestone (containing radiolarians) shale and 

sandstone, as seen for example at Akkaya, where the succession is in sheared contact 

with a large (<100 m long) block of pillow lava. A large slice (<500 in long) of 

sedimentary rocks within the mélange, exposed north of Kadikizi, exhibits a 

succession (-40 in thick) of shale, micritic limestone, red mudstone, grey-buff chert 

and sandstone. The sandstone beds (up to 80 cm thick) are commonly graded and 

amalgamated. The sandstone is medium- to coarse-grained, moderately well-sorted, 

hard and quartzose. Glauconite and feldspar are present in minor amounts while 

lithoclasts and mud are negligible. Quartz grains are well-rounded. Blocks of 

sandstone and limestone within the mélange contain detrital mica flakes (seen -6 kn 

northwest of Ilgaz). A folded succession, estimated as >1 km thick (i.e. post-

depositional thickness), consisting of red siliceous shale, mudrock, chert and pelagic 

limestone, is exposed near Kargi, at Pelitcik (Figure 5.14). The Kirazbai Mélange is 

tectonically imbricated with the Eskikoy Formation which contains very similar 

interbedded sandstone, shale and micritic limestone (e.g. at Kirazbai). 

In southerly outcrops of the mélange association 1 (radiolarite-metabasite-

elastic sedimentary rocks) is dominated by ophiolitic lithologies. These can be 
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reconstructed as an ophiolite pseudostratigraphy that resembles a section of oceanic 

lithosphere (Anonymous 1972). Sedimentary rocks include radiolarian chert and 

micritic limestone and mudstone. The fine-grained sedimentary rocks indicate low-

energy environment of deposition and the fauna they contain (radiolaria) suggest that 

these represent deep-marine pelagic/hemipelagic sediments, comparable to sediments 

found in modern abyssal pelagic environments (lijima et al. 1983). These 

sedimentary rocks are typical of those found within ophiolitic assemblages (i.e. 

epiophiolitic sedimentary rocks; Anonymous 1972). 

The clastic sedimentary rocks in this mélange association, including arkosic 

sandstones, are interbedded with pelagic limestones and cherts and contain rare mica 

and well-rounded quartz grains. The well-rounded quartz grains indicate significant 

abrasion during transport, possibly by a large river. The source of the well-rounded 

quartz grains and the mica is interpreted to be the Cretaceous Eurasian margin to the 

north. The source of the arkoses was an area of volcanic rocks, possibly a volcanic 

arc related to the closure of Neotethys. In the Central Pontides no Cretaceous 

volcanic arc is seen to the north of the suture zone (i.e. no arc on the Cretaceous 

Eurasian margin). The volcanic source for the arkoses may have been located to the 

south of the Eurasian margin (i.e. an oceanic volcanic arc within Neotethys, as 

inferred from the Yaylacayi Formation). Alternatively, the source could have been 

older volcanic rocks present on the Eurasian margin related to the Palaeotethyan 

history (Ustaömer 1993). The clastic sedimentary rocks are, therefore, interpreted as 

a continental margin association containing volcanic material. Ribbon chert, basaltic 

lava, diabase sheeted dykes, gabbro and serpentinite are more common further south 

and represent the upper- to mid-levels of oceanic lithosphere. 

Massive limestone-lava-volcaniclastic association 

The mélange includes an association of massive grey limestone, porphyritic 

and vesicular basalt, lava and related volcaniclastic sedimentary rocks (association 2; 

Figure 5.35). Intrusive and depositional contacts between the sedimentary rocks 

(including the massive limestone) and the basalt are commonly preserved. The 

volcaniclastic sedimentary rocks are mainly sandstones and coarse-grained matrix-

supported conglomerates. 
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North of Ilgaz, the Kirazbai Mélange contains trains of large (<500 m) 

blocks or slices of massive fine-grained limestone. The limestone blocks commonly 

consist of redeposited breccia. Limestone blocks that have been weathered to create 

bauxite with a dark red metallic colour are well exposed north of Ilgaz on the 

Kastamonu road (Figure 5.33). This limestone also contains corals and colonial 

Upper Cretaceous rudist bivalves. 

This mélange association comprises abundant blocks of volcaniclastic 

sandstone and conglomerate. The conglomerate is matrix supported and contains 

dark and pale sub-rounded basalt and andesite clasts, up to 1 in diameter. Clasts are 

feldspar-phyric (phenocrysts up to 4 mm long). The conglomerate is commonly 

schistose, has a green colour, and clasts that are flattened in the cleavage plane. 

In addition to massive grey limestone, fine-grained sedimentary rocks in this 

mélange association include red mudstone and limestone containing rare outsize 

clasts of green altered basalt. Rare umber (i.e. metalliferous oxide sediment) was also 

observed. 

Interstratified chert and lava were observed southwest of cankiri near 

Eldivan (gr: H30, 394835). The chert is also interbedded with thin (<5 cm) beds of 

dark grey-black volcaniclastic sandstone. The sandstone interbeds are well-sorted, 

coarse- to medium-grained, well-rounded, moderately well sorted, graded and exhibit 

load casts (indicating that the block youngs to the north). Basaltic pillow lava and 

pillow disintegration breccia with a red micritic limestone matrix were also observed. 

Mélange association 2 (massive limestone-lava-volcaniclastic sedimentary 

rock) contains large (<100 in diameter) blocks of picritic pillow lavas associated with 

coarse matrix-supported volcaniclastic conglomerate. 

Association 2 is tectonically imbricated with association 1 (Figure 5.35). The 

rudistic fauna indicate a shallow-marine environment for the massive limestone 

blocks. The massive limestone-lava-volcaniclastic mélange association (association 

2) is interpreted as a disrupted volcanic seamount facies. It is likely that seamounts 

were accreted into the ophiolitic mélange from the downgoing plate during 

subduction (see Chapter 6, Discussion). 
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5.4.3 Whole-rock geochemistry of basic igneous rocks in the Kirazba, 

Mélange 

Twenty eight samples of relatively unaltered aphyric mafic lava and diabase 

were collected from the Kirazbai Mélange and analysed by X-ray fluorescence. For 

details of the method see section 3.3.8. 

The variations between immobile element concentrations show poor 

correlations among the 28 samples (Figure 5.39). This suggests that the samples are 

not comagmatic and may represent a variety of petrogenetic sources. The mobile 

element concentrations also show weak correlations among the samples (Figure 

5.40). This suggests that these elements have been mobilised during rock alteration 

processes (i.e. sea-floor hydrothermal metasomatism, regional metamorphism and 

weathering). Six of these samples also have Si02  and/or CaO + MgO wt.% outside 

the range for naturally occurring basic lavas (ie. Si02  <54 wt.%; CaO + MgO 

between 12-22wt.%; Pearce 1973). Before plotting the dataset on tectonic 

discrimination diagrams (see 3.3.8 for explanation) the 28 samples were classified 

using the total alkalis/silica diagram (Figure 5.41; LeMaitre et al. 1989) and also 

using trace element ratios Zr/Ti and Nb/Y (Figure 5.42; Winchester and Floyd 1979). 

Twelve non-basaltic samples were removed. 

The 16 remaining basaltic samples were plotted on a variety of tectonic 

discrimination diagrams (Figure 5.43 to 5.49). Among the tectonic discrimination 

diagrams the samples cover all of the fields, but not in every diagram. The MORB-

compositional field overlaps with other compositional fields in many of the diagrams 

and in each diagram there is at least one sample that does not fall within the MORB 

or 'Ocean Floor Basalt' field. In none of the diagrams are any of the samples 

unambiguously 'Volcanic Arc Basalt', calc-alkali basalt, or 'Island Arc Tholeiite'. In 

five of the diagrams at least one sample falls unambiguously into the 'Ocean Island 

Basalt' or 'Within-Plate Basalt' field. The majority of the samples occupy the 

compositional fields for MORB or 'Ocean Floor Basalt' in most of the diagrams. In 

summary, the samples are interpreted to represent a mixture of 'Ocean Island 

Basalt'/'Within-Plate Basalt' and MORB/'Ocean Floor Basalt'. Although there is 

overlap between the fields of MORB and 'Volcanic Arc Basalt'/'Island Arc 
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Figure 5.48. Basic igneous rocks from the Kirazbai Mélange plotted on the V/Ti 

discrimination diagram (Shervais 1982). 
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Figure 5.49. Basic igneous rocks from the Kirazbai Mélange plotted on the Nb/Zr/V 

discrimination diagram (Meschede 1986). Al and All = within-plate alkali basalt 

compositional field, B = plume-influenced MORB compositional field, C = within-plate 

tholeiite compositional field, D = N-type MORB and volcanic arc basalt. 
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peridotites within the Kirazbai Mélange, Central Pontides. Fields for alpine-type 

peridotites, abyssal basalts, and European alpine-type peridotites are marked (Dick 

and BuIlen 1984). Line at Cr# = 60 divides 'type I peridotites' from 'type II' peridotites 

(Dick and Bullen 1984). See section 3.3.9 for explanation. 

Tholeiite' none of the samples are shown to be unambiguously of 'Volcanic Arc 

Basalt'/' Island Arc Tholeiite' composition 

Two samples of peridotite from the Kirazbai Mélange were analysed by 

electron probe (see section 3.3.9 for method and explanation). Twenty chromite 
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grains were analysed from each sample. Figure 5.50 shows chromite compositions 

for the two peridotite samples from the Kirazbai Mélange. The samples are type II 

peridotites because their composition is intermediate between type I and type III 

peridotites (Dick and Bullen 1984). The peridotites within the Kirazbai mélange 

have compositions similar to those from backarc basins (Dick and Bullen 1984). 

5.4.4 Age, petro genesis and tectonic setting of the Kirazbai Mélange. 

The mélange is interpreted as an accretionary complex that developed in 

response to northward subduction of Neotethys beneath the Pontides. However, the 

structure of the mélange may be related to emplacement and collisional processes 

and does not necessarily indicate the direction of subduction. Some of the blocks of 

basic igneous, volcanic and sedimentary rock were derived from Neotethyan oceanic 

lithosphere formed at a mid-ocean ridge (e.g. diabase, basalt, radiolarian chert), 

whereas others were derived from inferred seamounts (basalt-volcaniclastic 

sedimentary rocks-neritic limestone). Peridotite blocks were probably derived from 

supra-subduction zone lithospheric mantle. The dominance of oceanic-derived blocks 

over sedimentary matrix in most of the mélange suggests that the accretionary wedge 

may have developed in a sediment-starved setting, i.e. an oceanic, rather than a 

continental margin setting. However, the mélange contains blocks of terrigenous 

sediment interpreted as a continental slope facies. These blocks are much more 

common in the north of the area. Their lithology is similar to the Eskikoy Formation. 

They may have been progressively included into the mélange wedge as it moved, 

with the trench, northwards towards the continental margin. Alternatively the blocks 

could have been tectonically included in the mélange during northward 

backthrusting. 

The mélange contains type II peridotites. These peridotites are harzburgites 

and are interpreted as blocks of lithospheric mantle (i.e. restite). The composition of 

the chromite grains indicates a degree of depletion through melt extraction that is 

intermediate between the highly depleted mantle thought to exist beneath volcanic 

arcs and the less depleted mantle at mid-oceanic spreading ridges (Dick and Bullen 

1984). Type II peridotites are found in backarc settings (ibid). These blocks represent 

the lower part of the lithosphere. They are, therefore, unlikely to have been included 



266 

into the mélange from the downgoing slab. They could have been tectonically 

included from the overriding plate. Tectonic erosion of the overriding plate must 

have occurred. 

Based on biostratigraphic data (Appendix 1) a maximum age for accretion of 

the mélange is suggested by the youngest known age of blocks in the mélange (i.e. 

Late Maastrichtian). A minimum age of mélange accretion and its emplacement is 

provided by the oldest overlying sedimentary rocks that do not exhibit north-vergent 

deformational structures; i.e. the Mid Eocene Kadikizi Formation (section 5.8). 

5.4.5 Summary 

The Kirazbai Mélange contains blocks of Albian to Late Maastrichtian age 

(112-65.5 Ma). This range represents the age of the Neotethyan lithosphere that was 

subducted and provides a maximum age of mélange accretion (i.e. Late 

Maastrichtian). The Kirazbai mélange is interpreted as an accretionary complex that 

developed in response to northward subduction of Neotethys and contains two 

lithological associations; 1) a chert-basalt-serpentinite-clastic association that 

represents oceanic lithosphere with a terrigenous sedimentary cover; 2) a massive 

limestone-volcaniclastic association that represents a volcanic seamount facies. 



267 

Whole-rock geochemistry of basic igneous rocks from the Kirazbai Mélange 

indicates that the lavas have 'within-plate' and MORB compositions. Some of the 

samples have compositions that are ambiguous and could be either MORB or 'Island 

Arc Tholeiite'. The Kirazbai mélange has a paucity of sedimentary matrix relative 

to blocks of ophiolitic association (e.g. peridotite, diabase, chert). This indicates a 

low degree of sediment accretion and/or deposition at the trench. The mélange could 

have formed in an oceanic setting, far away from the continental margin. Blocks of 

terrigenous sediment are common within the mélange in the north of the area while 

blocks of pelagic chert, sheeted dykes and gabbro are more common in the south. 

This could represent the original transition between the continental margin in the 

north and oceanic lithosphere to the south. The blocks of terrigenous sediment could 

have been progressively accreted into the mélange as it approached the continental 

margin. Alternatively the terrigenous sedimentary blocks could have been 

tectonically included during backthrusting. 

The Kirazbai mélange exhibits a pervasive north-vergent shear fabric and 

top-to-the-north thrust faults. The top-to-the-north fabric could be related to 

northwards emplacement of the mélange onto the Eurasian margin. Top-to-the-south 

thrusts and shear-zones cut the top-to-the-north structures and juxtapose the mélange 

against various other units. top-to-the-south structures are interpreted as collision-

related. The Kirazbai mélange is unconformably overlain by Mid Eocene sediments 

that locally do not exhibit north vergent structures. 

5.5 Emplaced volcanic arc: Yaylacayi Formation 

Two major thrust slices of volcanic and volcaniclastic rocks, each up to '-4 

km thick, occur at two different structural levels in the central Pontides (Figure 5.5 1, 

Figure 5.55). The lower thrust slice was first named the Yaylacayi Formation by 

Yolda (1982). The presence of several species of Globotruncana (see Appendix 1) 

within interbedded sediments of the Yaylacayi Formation indicates a Late 

Cretaceous (Campanian-Maastrichtian) age for this unit (TUysUz et al. 1995; Prof. 

Izver Ongen, Prof. Kemal Tali and Prof Nurdan Inan pers. comm. 2004). This 

lower thrust slice crops out at the northern edge of the çankiri Tertiary Basin, near 

Iskilip and Yaprakli (Figure 5.51). The lower thrust slice is not highly deformed or 
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metamorphosed (Figure 5.53) and exhibits primary sedimentary and igneous 

structures, e.g. well preserved pillows (Figure 5.54) and cross-laminations. The 

structurally higher thrust slice (Kodag Formation of TUysuz 1990) crops out further 

north, near Tosya (Figure 5.51). This thick (4 km) thrust sheet exhibits 

dynamometamorphic fabrics which have largely destroyed the primary sedimentary 

and igneous structures. The upper thrust slice is mainly composed of tightly folded 

and thrusted porphyroblastic greenschists (Figure 5.55). 
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Figure 5.53. Cross-section through the Yaylacayi Formation near Iskilip. See Figure 5.52 for location. For legend see Figure 5.1. 
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debris-flow conglomerate. 2; pillow lava. 
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The lower thrust slice of the Yaylacayi Formation (exposed near Iskilip; 

Figure 5.51) is not well cleaved and does not exhibit a pervasive shear fabric or 

small-scale folding. The unit is folded and faulted on a large scale (fold wavelength 

>1 km) and cut by localised zones of strong shearing. Based on sedimentary 

structures and pillow morphology the unit youngs both to the northwest and to the 

southeast, due to folding. Beds are locally overturned with fold limbs that dip in 

either direction. This suggests that the large folds verge and face in both directions. 

However, the overall large scale structure is unclear. The structurally higher thrust 

slice, exposed -lO km southeast of Tosya (Figure 5.51) is well cleaved and exhibits a 

strong dynamo-metamorphic fabric. 

In the lower thrust slice limestone and sandstone beds locally form a small 

(individual thrust slices 10 in thick) top-to-the-north duplex (Figure 5.53), as seen 

at the southern end of the section at Iskilip. These thrust-faulted beds occur within 

the south-dipping limb of a larger fold. Thin, top-to-the-north shear zones are seen in 

this part of the unit. Pillow lavas are folded into a recumbant northwest-facing 

syncline at the northern end of the Iskilip section. The steeply dipping short limb 

youngs northwards and the fold axial surface dips -20°  to the southeast. Cleavage 

planes generally dip moderately south (Figure 5.56a, b), sub-parallel to the south-

dipping fold axial surface in the pillow lavas. This asymmetrical fold geometry 

suggests northwest vergence. 

The upper thrust slice (Kodag Formation of TuysUz 1990) exhibits a range 

of fold geometries. Pelitic schists exhibit recumbent polyclinal and disharmonic 

folds, in addition to north-vergent tight chevron folds 10 km S of Tosya. 

Anastamosing conjugate kink bands, with a range of orientations (between 

subhorizontal and vertical) were observed in greenschist metavolcaniclastic 

sedimentary rocks. 

In contrast to the lower thrust slice (exposed at Iskilip and Yaprakli), the 

structurally higher thrust slice (Kodag Formation of Tuysuz 1990), well exposed 

-40 km southeast of Tosya, exhibits a pervasive shear fabric dipping northwest (e.g. 

40°N/050). The upper thrust slice is schistose. The schistosity, cleavage and bedding 

are commonly sub-parallel (i.e. slaty cleavage) and dip to the northwest and to the 

southeast (Figure 5.55 and 5.57). Cleavage strikes NE-SW and has been folded 
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around upright sub-horizontal axes that trend NE-SW (F2). Pebbles in schistose 

volcaniclastic conglomerate are flattenried in the Si cleavage plane. Metavolcanic 

schists exhibit augen with long axes orientated 20°  to 240. 

The dominant dip direction of cleavage and bedding is to the northwest since 

F2 folds are asymmetrical, verging southeast. Stretching lineations, crenulations, 

axes of augen and fold axes plunge gently to the northeast and southwest, i.e. roughly 

normal to the dominant dip azimuth of cleavage and bedding planes, and roughly 

parallel to the strike direction (045°). 

In the lower thrust slice, top-to-the-south shear zones cut the volcanic section 

at Yaprakh (Figure 5.51), forming a duplex structure. Right way-up beds that dip and 

young southwards crop out in the southern part of the road section at Iskilip (Figure 

5.52, 5.53). The axis of a recumbent southeast-facing synclinal fold was measured 

20°N/185 plunging 20° to 285° in this part of the section. Small-scale (wavelength 

<2 m) south-vergent, south-facing, tight to open recumbent and inclined folds were 

observed in sandstones near Iskilip. The fold axes there plunge at 10° to 250°. 

Bedding planes strike NE-SW (Figure 5.56a, d). The strike of these beds is 

concordant with folding around NE-SW trending sub-horizontal fold axes Figure 

5.56c. South-vergent folds were observed north of Iskilip that fold top-to-the-north 

shear zones. 

The section of the lower thrust slice near Iskilip is cut by numerous shear 

zones, thrusts, strike-slip faults and normal faults. Figure 5.58 shows fault orientation 

data for the Yaylacayi Formation. Thrust faults with top-to-the-north slickendides dip 

between 20° and 800  to the southeast and generally strike ENE-WSW. Thrusts 

exhibiting top-to-the-south slickensides dip at 45° to 50° towards the northwest and 

also strike ENE-WSW. 
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Figure 5.56. Structural data from the lower thrust sheet of the Yaylacayi Formation. 
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Figure 5.57. Structural data from the upper thrust sheet of the Yaylacayi Formation 

(Kodag Formation of Tuysüz 1990). 
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Figure 5.58. Fault data for the Yaylacayi Formation (upper and lower thrust slices 

combined). 
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5.5.2 Sedimentary fades and igneous petrology of the Yaylacayi 

Formation 

A composite log of the lower thrust sheet of the Yaylacayi Formation is 

shown in Figure 5.59. Within the Yaylacayi Formation as a whole, volcanic rocks 

become magmatically more evolved stratigraphically upwards, from basaltic, to 

andesitic, then felsic (e.g. rhyodacite). Fine-grained sediments including chert, 

umber and micritic limestone are present between pillow lavas low in the succession. 

Texturally immature volcaniclastic sediments predominate at higher stratigraphic 

levels until the volcaniclastic succession grades into fine-grained sandstone, shale 

and micritic limestone, (-500 in thick) at the top of the sequence; this is then 

unconformably overlain by Tertiary sediments of the cankiri Basin, near Iskilip. 

The lower thrust slice of the Yaylacayi Formation begins with pillow lavas 

and minor amounts (<5% by outcrop area) fine-grained inter-pillow sediments and 

passes gradually upwards into a very thick succession (up to 3500m apparent 

thickness) of dominantly andesitic lava and coarse matrix-supported volcaniclastic 

conglomerates (Figure 5.59, 5.60 and 5.61). The pillow lavas are mostly vesicular 

and feldspar and/or pyroxene-phyric. In thin section, the pillow lavas are seen to 

contain large (<2 cm long) feldspar phenocrysts (andesine-labradorite in thin 

section), glomoporphyritic diopside (<3 mm) and rare iddingsite pseudomorphs after 

olivine (<1 mm), set in a matrix of plagioclase feldspar laths and clinopyroxene. 

Trachytic and decussate textures are observed in the matrix. Amygdales contain 

zeolites and calcite. Deformed and metamorphosed felsic intrusions are seen in the 

upper thrust slice. Andesitic lava flows increase in abundance stratigraphically 

upwards at the expense of pillowed mafic flows. The andesitic flows contain large 

(<1 m) xenoliths of basic lava and are interbedded with thick (<3 m) lenses of 

volcaniclastic conglomerate. 

The volcaniclastic conglomerates (present in both thrust slices) are thickly 

bedded (<3  m) and massive with scoured bases and lack sedimentary structures. The 

conglomerates exhibit a matrix-supported fabric with poorly sorted with sub-angular 

to sub-rounded clasts. Both the clasts and the matrix of the volcaniclastic 
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conglomerates are pale pink-purple in colour The clasts are feldspar-phyric, vesicular 

and of intermediate composition (based on petrographic evidence). Felsic volcanics, 

intrusive rocks and altered tuff are present in lesser amounts. The conglomerates are 

interstratified with feldspar-phyric andesitic lava flows < 10 in thick and rare 

columnar-jointed basic lava flows. The lava and volcaniclastic sedimentary rocks 

become finer-grained and less abundant stratigraphically upwards, and grade into a 

lava-free volcaniclastic sandstone, shale and carbonate succession. 

Stratigraphically higher levels are dominated by a sedimentary succession (< 

300 in thick near Iskilip) comprising volcaniclastic sandstone and shale, grading into 

pale grey, thinly bedded shaly, sandy and micritic limestones (Figure 5.62 and 5.63). 

The volcaniclastic sandstones are dark grey-brown, medium to thickly 

bedded, coarse to fine-grained and moderately- to well- sorted. The grains are sub-

angular and are composed of quartz, feldspar, mafic minerals and mafic volcanic 

lithoclasts. In thin section, some sandstones contain grains of pale pink, isotropic 

sodalite. Sedimentary structures include normally graded bedding, cross- and planar 

lamination, and load-casts with well-formed flames and lobes. Individual beds are 

commonly massive at the base and grade into thin laminated siltstone tops. These 

sedimentary structures represent the five 'Bouma' divisions that characterize the 

sedimentary deposits of turbidity currents (Ta-Te; Bouma 1962), although not all of 

the divisions are exhibited by each individual bed. Sandy limestones in the Yaylacayi 

Formation contain sub-angular clasts of volcanogenic quartz, feldspar, pyroxene, 

olivine and biotite (<50% in total), in addition to calcite grains. Neither the 

sandstones nor the limestones contain muscovite, metamorphic quartz, or 

metamorphic lithoclasts. The absence of metamorphic detritus is confirmed in thin 

sections (Figure 5.64). 

The stratigraphically highest levels of the formation are transitional to pelagic 

limestone in the Iskilip area, whereas along strike, near cankiri (Figure 5.51), the 

andesitic volcanic succession is unconformably overlain by a shallow-marine 
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Figure 5.60. Measured log of the stratgraphically lowest part of the lower thrust slice of 

the Yaylacayi Formation, exposed north of Iskilip (gr: C32, 1817514787). 
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Figure 5.64. Photomicrograph of a typical volcaniclastic sediment from the Yaylacayi 

Formation north of Iskilip. Note the absence of metamorphic detritus. 

sedimentary cover (Yaprakh Formation; section 5.6). At high structural levels (i.e. 

the upper thrust slice exposed near Tosya) the dominant lithologies, chioritic pelite, 

schistose volcaniclastic and metavolcanic rocks, with a greenschist facies mineral 

assemblage (5.5.3). As a result of the strong shearing and internal deformation in the 

Tosya area details of the individual protolithologies are much less easy to recognise 

and interpret then in the much less deformed lower thrust slice (at Iskilip and 

Yaprakh). 

5.5.3 Metamorphic petrology of the Vayla cay: Formation 

Rocks from both the upper and lower thrust slices of the Yaylacayi Formation 

contain the assemblage epidote+chlorite+calcite+ quartz+albite+pyrite+zeolite. The 

metamorphic minerals are more abundant in the structurally higher parts of the unit. 

Metamorphic fabrics such as schistosity, lamination fabric, mylonite, pressure 
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solution and, crenulation cleavage, porphyroblasts, porphyroclasts and bearded 'fish' 

are much better developed in the structurally higher thrust slice exposed further 

north, e.g. along the banks of the Devrez River near Tosya (Figure 5.51). 

5.5.4 Whole-rock igneous geochemistry of basic-intermediate lavas 

Thirty four non-porphyritic, non-vesicular and petrographically fresh samples 

of mafic lava from the Yaylacayi Formation were analysed by XRF for whole-rock 

abundances of major and trace elements (section 3.3.8 and Appendix 2 for analytical 

procedure). Fifteen of the samples fell within the acceptable range for naturally 

occurring unaltered basic igneous rocks (Si02  <54%, MgO+CaO <12-22>). These 15 

samples are plotted on Harker diagrams showing the variation between immobile 

A1203  and the potentially mobile elements CaO, Si02, Fe203  and MgO (Figure 5.65). 

Between the samples there are slight correlations between the abundances of the 

mobile elements and immobile A1203. This suggests that the abundances of these 

elements have not been greatly affected by post-magmatic mobilisation during 

alteration, metamorphism or weathering of the Yaylacayi Formation. Figure 5.66 

shows Harker diagrams for pairs of relatively immobile elements in the samples from 

the Yaylacayi Formaion. With the exception of Ni/MgO there is a good correlation 

between the samples, suggesting that they belong to a comagmatic suite (e.g. Hall 

1996). 

The 15 samples with acceptable values for basic igneous rocks are classified 

using the total alkalis vs. silica diagram in Figure 5.67. The samples are seen to have 

basic compositions equivalent to tephrite, basanite, basalt, basaltic andesite, 

trachybasalt and foidite. A classification based on immobile trace elements (Figure 

5.68) shows that in 8 of the samples the basic composition is a reflection of their 

primary igneous chemistry and not a result of element mobilisation during secondary 

processes. However, 7 samples are shown to have immobile element compositions 

indicative of intermediate (andesitic) primary rock compositions and are therefore 

not useful for tectonic discrimination (section 3.3.8). 
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Figure 5.67. Samples from the Yaylaçayi Formation plotted on the total alkalis-silica 

rock classification diagram (Le Maitre et al. 1989). 
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Figure 5.70. Basic igneous rocks from the Yaylaçayi Formation plotted on the Cr-Y 

discrimination diagram (Pearce 1982). 
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Figure 5.74. Basic igneous rocks from the Yaylaçayi Formation plotted on the V/Ti 

discrimination diagram (Shervais 1982). 
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Figure 5.75. Basic igneous rocks from the Yaylacayi Formation plotted on the Nb/Zr/V 

discrimination diagram (Meschede 1986). Al and All = within-plate alkali basalt 

compositional field, B = plume-influenced MORB compositional field, C = within-plate 

tholeiite compositional field, D = N-type MORB and volcanic arc basalt. 
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Figure 5.76. Nb/Y and ZrIY variation in basalts from the Yaylacayi Formation. The 

parallel lines mark the range for Iceland data (Fitton et al. 1997). 

The eight samples shown to have basic primary compositions are plotted on 

seven basalt discrimination diagrams below (Figure 5.69 to 5.75; see 3.3.8 for 

explanation). 

In each of the discrimination diagrams the analyses give ambiguous results 

(i.e. the data points cover more than one compositional field). When considered 

together the diagrams are then more informative. 

On the Ti-Zr-Y diagram (Figure 5.69; Pearce and Cairn 1973) the group of 

samples as a whole covers the range of compositions for low-K tholeiites and caic-

alkali basalts and most of the analyses fall in the compositional field of Ocean Floor 

Basalts. Of the two samples from the upper thrust slice (Kodag Formation of 

TUysuz 1990) one has a low-potassium tholeiitic composition and the other is outside 

of the compositional range of any of the fields. The samples from the lower thrust 

slice are either ocean-floor basalts or calk-alkali basalts. 

On the Cr-Y basalt discrimination diagram (Figure 5.70; Pearce 1982) the 

samples from the upper thrust slice (Kodag Formation of Tuysuz 1990) lie within 
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the compositional field for Volcanic Arc Basalts, the compositions of the other 

samples lie within the area of overlap between Within-Plate Basalts and MORB. 

However, all but one of the samples lie within the compositional field of MORB on 

this diagram. 

On a linear plot of Ti/Zr (Figure 5.71; Pearce and Cann 1973) the samples 

from the lower thrust slice fall within the compositional range from ocean floor 

basalts and calc-alkali basalts, one sample from the upper thrust slice (Kodag 

Formation of TUysuz 1990) is a low-K tholeiite and the other lies outside of the 

compositional fields. A logarithmic plot of the same Ti/Zr data shows that all the 

samples have compositions within the range for arc lavas however, four of the 

samples also fall within the compositional field for MORB (the samples with MORB 

compositions do not include either of the samples from the upper thrust slice. None 

of the samples have Within-Plate Lava compositions on this diagram. 

On the Zr/Y vs. Zr diagram (Figure 5.73; Pearce 1983) the samples from the 

lower thrust slice of the Yaylacayi Formation lie on the boundary between the 

compositional fields for Ocean Island Basalts and MORB. A sample from the upper 

thrust slice lies just inside the field for Island Arc Basalts. On this diagram, Ocean 

Island Basalts plot in the same field as continental arcs because Zr/Y ratio is a 

measure of within-plate enrichment and not alkalinity (Pearce 1983). With the 

exception of one sample, data from theYaylaçayi Formation fall into the 

compositional field for continental arcs. 

On the V/Ti diagram (Figure 5.74; Shervais 1982) the samples from the 

Yaylacayi Formation plot in the compositional range for both Island Arc Tholeiites, 

MORB and backarc basins. 

The ternary Nb/Zr/Y plot (Figure 5.75; Meschede 1986) shows the samples to 

have both Volcanic Arc Basalt and plume-influenced MORB compositions. The 

samples from the lower thrust slice are P-type MORB, Within-Plate Tholeiite or N-

MORB. the samples from the upper thrust slice are N-MORB or Volcanic Arc 

Basalt. 

Figure 5.76 shows the Nb/Y and Zr/Y variation for the basalts from the 

Yaylacayi Formation. The lower diagonal line on Figure 5.76 divides Iceland data 

(ie. plume-influenced MORB) from 'normal' MORB (e.g. Southwest Indian Ridge, 
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East Pacific Rise, Reykjanes Ridge; Fitton et al. 1997). The samples from the lower 

thrust slice of the Yaylacayi Formation (except one) and a single sample from the 

upper thrust slice fall within the Iceland array, (Kodag Formation of TuysUz 1990). 

One sample that lies within the range for normal MORB could be due to sampling 

error in the field. One of these samples exhibits an unusually low Nb/Y ratio, even 

for MORB. 
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Figure 5.77. MORB-normalized multi-element abundances for unaltered basic dykes 

from the Yaylacayi Formation. Normalizing values: Sr = 120 ppm; K20 = 0.15% ; Rb = 

2.0 ppm; Ba = 20 ppm; Nb = 3.5 ppm; La = 3 ppm; Cc = 10 ppm; Nd = 8 ppm; P205  

0.12% ; Zr =90 ppm; Ti02  = 1.5% ; V =30 ppm; Sc =40 ppm; Cr = 250 ppm (Pearce 

1982). 

A MORB-normalised multi-element (Figure 5.77) plot shows the variety of 

geochemical patterns that exist among the samples from the lower thrust slice of the 

Yaylacayi Formation. The samples from the upper thrust slice i.e. the Kodag 

Formation of Tuysuz 1990) exhibit very low abundances of the mobile elements K, 

Ba and Nb. K and Ba may have been depleted during alteration or metamorphism. 

Nb is not mobile and its depletion in most of the samples is indicative of a 

subduction influence in the source region (Saunders et al. 1988). A subduction- 
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influenced mantle source is supported by the depletion of HFS elements (Zr-Cr). 

Sample P002/130 and P002/122 do not have a negative Nb anomaly and are not 

significantly depleted in any HFS elements. These samples show no evidence of a 

subduction influenced source. The other samples all have a negative Nb anomaly and 

are depleted in the HFS elements Zr, Ti, Y, Sc and Cr; in addition these samples are 

relatively enriched in the US elements K, Sr, Rb and Ba, suggesting a possible 

subduction influence on the mantle source. 

Two samples of basaltic lava from the lower thrust slice of the Yaylacayi 

Formation near Iskilip were analysed by Rojay (2001). These samples exhibited an 

enriched MORB geochemistry but with no subduction signature. 

In summary, the basaltic rocks from the Yaylacayi Formation exhibit a 

composite geochemistry, with volcanic arc, plume-influenced, MORB-like and 

possibly sub-continental mantle characteristics. Samples from the lower thrust slice 

show an enrichment trend which could indicate either a 'within-plate' or a sub-

continental lithospheric mantle source. The samples from the upper thrust slice 

(Kodag Formation of Tuysuz 1990) show no such enrichment. The chemistry of 

samples from both slices indicates a subduction-influenced magma source. This 

apparently composite geochemistry could be explained by three possible scenarios: 

1) rifting of an active continental margin, 2) plume-influenced intraoceanic 

subduction-related volcanism, or 3) 'historical contingency' of mantle geochemistry 

(which copuld apply to any of the signatures). This apparently composite 

geochemistry is considered further in chapter 6. 

5.5.5 Discussion: age, petrogenesis and tectonic setting of the 

Yay!açayi arc Unit. 

The Yaylacayi Formation (upper and lower slices conbined) contains a high 

proportion of volcaniclastic and volcanic rocks of intermediate composition. The 

abundance of intermediate-evolved volcanic rocks is evidence that significant crystal 

fractionation has occurred. This degree of magmatic evolution suggests that a 

significant-sized volcanic arc edifice was constructed. The conglomerates have a 

matrix-supported fabric which is typical of the depositional products of debris-flows 

(Tucker 1982). They were derived from a purely volcanic (andesitic) source which is 
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inferred to be the volcanic arc edifice. An unconformity at the top of the succession 

(beneath the overlying Campanian-Maastrichtian Yaprakh Formation) indicates that 

the volcanic arc may have been locally emergent within the study area during 

deposition and eruption of the sedimentary and volcanic rocks of the Yaylacayi 

Formation in Campanian-Maastrichtian time. 

The volcanic activity ceased (locally, at least) and volcaniclastic sediments 

and limestones then accumulated around the volcanic edifice during Late Cretaceous 

(Campanian-Maastrichtian) times. The gradual passage from volcanic rocks (with 

coarse volcaniclastic debris-flows) to finer-grained volcaniclastic sediments and 

carbonates exhibited by the Yaylacayi Formation records a waning of volcanism, or a 

switch in the locus of volcanism. The arc edifice was eroded following the cessation 

of volcanism. The sedimentary structures exhibited by the sandstone succession 

represent the five 'Bouma' divisions (Ta-T,) and, thus, the sandstones are interpreted 

as the deposits of volcaniclastic turbidity currents (Bouma 1962). The volcanic and 

carbonate sediments contain no terrigenous material. The sediments are likely to 

have been derived solely from the volcanic and carbonate environments that are 

inferred to have been associated with the arc. The eruptive and depositional setting of 

the Yaylacayi Formation was, therefore, probably remote from a continental margin 

(i.e. the Eurasian or Gondwanan margins). The fine-grained Globotruncana-bearing 

limestones at the top of the Campanian-Maastrichtian succession indicate a reduction 

in the supply of volcaniclastic material, possibly caused by a relative sea-level rise, 

or by complete denudation of the arc edifice. The grain-size and the fauna they 

contain indicate a deep-water environment (sub-thermocline, >700 in; Stewart and 

Pearson 2000). The limestones are interpreted as being pelagic in origin. 

The geochemical investigations indicate an eruptive setting transitional 

between that of a volcanic arc, enriched (WPB) and MORB sourcees. The depletion 

of HFS elements (compatible elements in garnet lherzolite; Pearce 1982; Hall 1996), 

is characteristic of a subduction-influenced mantle source. In addition, the 

compositions of some of the lavas exhibit the characteristics of an enriched mantle 

source. This enriched source could be related to plume activity or, alternatively, 

could suggest that regions of sub-continental lithospheric mantle (e.g. garnet 

lherzolite) existed in the source region. The samples exhibit a transition from 
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enriched basalt (P-MORB) to island arc tholeiite; therefore, melting of a single 

enriched source could not have produced all of the samples. The source region is 

interpreted as spatially constrained enriched mantle (i.e. plume or sub continental), 

which has been influenced by subduction. The geochemistry is consistent with 

volcanism related to arc-rifting. 

The formation as a whole is, therefore, interpreted as a fragment of a volcanic 

arc that formed remote from any supply of terrigenous sediment, possibly in a rifled 

arc or backarc setting. The inferred magma source included spatially limited sub-

continental or plume-type lithospheric mantle. Magmatic activity ceased during the 

latest Cretaceous (Campanian-Maastrichtian) and was followed by deposition of 

volcaniclastic turbidites and pelagic carbonate around the flanks of an eroding arc 

edifice. 

5.5.6 Summary 

. The Yaylacayi Formation contains microfossils that indicate a Campanian-

Maastrichtian age for the unit. 

. 	Fine-grained sediments including chert, umber and micritic limestone are 

present between pillow lavas low in the succession. Texturally immature 

volcaniclastic sediments predominate at higher stratigraphic levels. The 

volcaniclastic succession then grades into fine-grained sandstone, shale and 

micritic limestone, (500 in thick) at the top of the sequence. 

. 	Whole-rock geochemical analyses of basalts from the Yaylacayi Formation 

show compositions comparable to modem volcanic arcs and MORB. Some 

samples also have enriched compositions. 

Northerly outcrops of the unit the unit are schistose. The cleavage dips to the 

northwest and is folded by south-vergent folds. Top-to-the-north compressive 

structures are commonly cut by top-to-the-south structures. Later normal and 

strike-slip faults also cut the unit. 
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5.6 Volcanic arc cover: Yapraki: Formation 

The oldest sedimentary cover unconformably overlying the Yaylacayi 

Formation (Yaprakli Formation; Birgili et al. 1975) is exposed near cankiri (Figure 

5.78 and 5.79). The unit reaches 500 m in thickness (Figure 5.80 and 5.82). A Late 

Cretaceous (Campanian-Maastrichtian; 85-71 Ma) age is indicated by the presence of 

planktonic foraminifera, including Globotruncana linneiana (D'ORBIGNY; Prof. 

Izver Ongen, Prof. Kemal Tali and Prof. Nurdan Inan, pers. comm. 2004, see 

Appendix 1). The formation begins with a thin basal conglomerate (3 m), followed 

by grey volcaniclastic shales passing upwards into thick-bedded, coarse-grained 

calcarenites, volcaniclastic sandstones and conglomerates. The Yaprakli Formation is 

unconformably overlain by dacitic lavas and tuff of probable Late Eocene age, 

related to the çankiri Basin that post-dates suturing (Kaymakci 2000). 

5.6.1 Structure of the Yaprakli Formation 

Competent sandstone and limestone beds within the Yaprakli Formation are 

boudinaged within a less competent scaly clay matrix. Siltstone beds are well 

cleaved, whereas coarser grained clastic sedimentary rocks and limestones within the 

succession are not. Bedding planes mostly dip at moderate angles (45°) southwards 

although locally sub-vertical and overturned steeply north-dipping beds are present. 

Abundant, well-preserved sedimentary structures (e.g. Bouma sequences) indicate 

that the unit youngs southwards and is dominantly the right way-up. The Yaprakli 

Formation, as exposed north of Yaprakli village, is folded into a large south-facing 

sub-horizontal recumbent syncline, gently inclined northwards (Figure 5.80). The 

large fold plunges gently southwest. 
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Figure 5.78. Map showing location of outcrop of the Yaprakli Formation. 
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Figure 5.79. Geological map north of Yaprakh showing outcrop and contact relations 

of the Yaprakh Formation. For legend seeFigure 5.1. 
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Figure 5.80. Geological section north of Yaprakli. See Figure 5.79 for location. For 

legend seeFigure 5.1. 

Measured structural data for the Yaprakli Formation are shown in Figure 

5.81. The unit exhibits abundant shear zones with kinnematic fabrics (p-foliation, 

Reidal shears) that indicate a top-to-the-north sense of motion. Top-to-the-north 

thrust faults and small duplex structures are also present. A pervasive shear fabric, 

sub-parallel to bedding, is observed in the fine-grained lithologies. These top-to-the-

north compressional structures and fabrics are folded and cut by top-to-the-south 

comressional structures (e.g. small-scale folds, shear zones and thrusts) including the 

large fold described above. Top-to-the-south thrusts form small duplex structures. 
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Figure 5.81. Structural data for the Yaprakh Formation. 

South-vergent folds are cut by top-to-the-south thrusts (Figure 5.80). 

All the above structures are cut by dextral and sinistral strike-slip faults. 

Strike-slip faults trend NE-SW and E-W. 

5.6.2 Sedimentary fades 

The Yaylacayi Formation begins with conglomerate and coarse-grained beds 

of sandy calcarenite (<1 m thick; Figure 5.82) containing fragmented rudistic bivalve 

shells, algae, bryozoa, benthic forams, mafic and ultramafic lithoclasts. In thin 

section, the calcarenite contains abundant detrital volcanogenic feldspar and quartz, 

bastite and chert. The conglomerate and sandy calcarenite unconformably overlie the 
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andesitic lava of the Yaylacayi Formation (see section 5.5) and fill neptunian dykes 

(- 15 cm wide) along the contact. 

Shale facies: The calcarenite passes upwards into a thick (200 m) 

homogenous succession of grey shale (Figure 5.82). The shale is fissile and poorly 

bedded. Lamination was observed in places. 

Calciruditefacies: Stratigraphically above the shales are calcirudites and 

pebbly calcarenaceous sandstones (10-50% calcite grains; Tucker 1982; Figure 5.82). 

The calcirudites are massive, poorly sorted and matrix-supported, containing sub-

rounded to well-rounded clasts, <5  cm (i.e. texturally inverted). The clasts are 

dominantly volcaniclastic (rhyodacite 5%, chloritised basic lava -5%, feldspar-

phyric andesite -90%) set in a grey-orange calcareous and arkosic sand-sized matrix. 

The beds form broad lenses (>30 m). The calcirudites grade upwards into 

amalgamated sandstones. 

Amalgamated sandstones: Amalgamated sandstones form thick (-2 m) 

lenses. They are massive, coarse-grained and poorly sorted with sub-rounded to well-

rounded grains, (also texturally inverted). These sandstones are again arkosic with 

outsize feldspar-phyric andesitic lithoclasts (<10) cm and contain large broken 

bivalve fragments. 

Hybrid sandstones: sandy calcarenites and calcarenaceous sandstones. The 

succession becomes more calcareous towards the top, where amalgamated 

calcarenaceous sandstones (10-50% calcite grains) and sandy limestones (>50% 

calcite grains; definition of Tucker (1996) dominate the succession (Figure 5.82). In 

addition to sub-angular calcite grains and lithoclasts, these sandstones contain, well-

rounded grains of quartz and glauconite (largely weathered to Fe-oxide, probably 

limonite). These calcareous sediments are thickly bedded (30 cm to 1 m) and contain 

coarse rudist shell fragments and rounded pebbles (<5 cm) of andesite. The beds 

exhibit graded bedding, trough- and planar cross-bedding and outsize imbricated 

clasts (pebbles) which yielded palaeocurrents (see section 5.83). Nodular concretions 

of haematite are seen locally. 

In summary, the sediments of the Yaprakli Formation are poorly sorted with 

sub-angular, to well-rounded grains of mafic- and intermediate-composition volcanic 

rocks, quartz, feldspar, glauconite and abundant calcareous shell fragments 
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(fragmented and whole rudist bivalves). Individual beds, up to 1.5 m thick, are 

commonly massive or graded and contain sub-rounded pebbles and boulders of 

feldspar-phyric andesite (up to 40 cm in diameter). 

Palaeocurrent data 

Twenty measurements of cross-laminations and pebble imbrication were 

taken from thickly bedded sandstones in the upper part of the succession. The data 

were streographically corrected for angle of dip and the results are shown in Figure 

5.83. The dip-corrected palaeocurrent directions are bimodal and dominantly towards 

the northeast. 

Rose-diagram 
Palaeocu rrents 

3600  

270° 

Figure 5.83. Dip-corrected palaeocurrent data from sandstone beds of the Yaprakh 

Formation measured from trough and planar cross-bedding and imbricated clasts (see 

text). 
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Depositional setting 

The unconformable base of the succession and the thin basal conglomerate 

exposed in the type section indicate that at least localised erosion of the underlying 

arc-type unit (Yaylacayi Formation) had taken place, possibly in a subaerial setting. 

This was followed by submergence and deposition of conglomerate and calcarenite 

containing marine fossils. The thin conglomeratic base is interpreted as a shoreface 

environment (Dickinson 1995; Boggs 1995) deposited during a marine transgression 

(that may have been localized). The transgression was followed by mudstone 

deposition, probably in an open-marine environment. The transition to mudrock is 

interpreted as an increase in water depth. The upward change from homogenous grey 

shales to coarser grained lithologies suggests that the source of volcaniclastic and 

carbonate material became more proximal. Whereas the fine-grained shaly partings 

suggest low-energy background conditions, the presence of well-rounded grains 

within the calcirudites suggests that they were abraided in a fluvial and/or beach 

environment (Pettijohn et at. 1987). However, the massive, poorly sorted, matrix-

supported, texture suggests that the calcirudites were deposited rapidly by sediment-

gravity flow processes (Tucker 1981). The inverted texture and lenticular bed 

morphology of the calcirudites suggests that they were redeposited from the 

shoreface by broad channelised debris-flows or submarine landslides (Reading 

1978). 

Because of the thick, broad lenticular bed geometry and the paucity of grain-

size sorting or grading the amalgamated sandstones are interpreted as the deposits of 

grainflows or sheet-like sediment-gravity flows (Leeder 1982). 

The calcirudites are followed by cross-bedded calcarenaceous sandstones 

which contain varied proportions of detrital carbonate and volcanic lithoclasts, 

including imbricated pebbles (i.e. outsize clasts). This suggests that the sediment 

source was partly a neritic carbonate environment and partly a denuding volcanic 

edifice. A neritic environment is supported by the presence of rounded quartz grains, 

rudists and glauconite (a green mica mineral that forms in modem oxidising shallow 

seas where decaying organic matter is present; e.g. Allaby and Allaby 1990). The 

graded and cross-bedding, clast imbrication and clast-supported fabric suggest that 
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the calcarenaceous sandstone beds were deposited by currents rather than sediment-

gravity flows. The bimodal nature of the palaeocurrents suggests a tidal influence. 

The parallel and cross-laminated, and cross-bedded sandstones indicate that these 

sandstones could have been deposited in an upper shoreface environment (Tucker 

1981; McLane 1995). 

The transition between these three facies (shale-submarine fan/slope-shelf) 

could reflect either the normal migration of facies within this arc-apron environment; 

the progradation of sedimentary facies, or lowering of relative sea-level (Reading 

1978). The lack of any terrigenous material (i.e. metamorphic grains) suggests that 

these sediments were isolated from the Eurasian margin. The measured palaeocurrent 

directions, although bimodal (i.e. tidal) are dominantly towards the northeast, i.e. 

towards the Eurasian margin from the arc. Assuming little horizontal tectonic 

rotation has occurred this could suggest that the Yaprakh Formation was deposited in 

a backarc position. Contemporaneous volcanic material (e.g. air-fall tuff) is absent, 

thus, this unit probably records reworking of arc-derived material after arc volcanism 

ended at least locally. Due to the presence of north-vergent structures and the limited 

clastic provenance the unit is inferred to have been deposited prior to Late 

Cretaceous tectonic emplacement onto the Pontides margin. 

Previously this unit was interpreted together with the Yaylacayi Formation as 

part of the volcanic arc succession (TuysUz 1995). However, the presence of an 

important unconformity at the base of the Yaprakh Formation strongly suggests that 

the unit post-dates arc magmatism (at least locally). One possibility is that these 

sediments represent the base of an Upper Cretaceous forearc basin (e.g. Kocyigit 

1991). However, measured northward palaeocurrent directions appear to be more 

consistent with a backarc setting. This is discussed further in a regional tectonic 

context in Chapter 6. 
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5.6.3 Summary 

The Campanian-Maastrichtian Yaprakli Formation is interpreted as a 

proximal (upper) submarine fan or slope facies (Nichols 1999) deposited following a 

marine transgression of the volcanic arc. Following initial transgression of the 

volcanic arc (Yaylacayi Formation) the unit records a regression from inferred 

offshore to upper shoreface deposition. This could be either due to relative sea-level 

fall or progradation of the sediments. The shallow-water carbonate grains and shell 

fragments (e.g. rudists) were possibly derived from carbonate environments built 

upon or, around, the inferred volcanic arc edifices (represented by the Yaylacayi 

Formation) in the area studied. 

5.7 Preserved back-arc basin sediments: Ikicam Formation 

The tkicam Formation (>3000m thick) crops out extensively within the 

Izmir-Ankara-Erzincan Suture Zone near çankiri and Tosya (Figure 5.84). The 

Formation occurs within the mid to upper structural levels of the imbricate thrust 

stack (Figure 5.3). A Late Cretaceous (Campanian-Maastrichtian) age is indicated by 

the presence of several species of Globotruncana (Prof. Izver Ongen, Prof. Kemal 

Tali and Prof. Nurdan tnan pers. comm. 2004; see Appendix 1). Microfossils 

present include Globotruncana arca (CUSHMAN), Heterohelicidae, Planomalinidae 

and constrain the age of the Ikicam Formation to Campanian-Maastrichtian (83.5-

65.5 Ma; Gradstein et al. 1004). The Ikicam Formation interdigitates with andesitic 

lava and coarse andesitic volcaniclastic conglomerates of the Upper Cretaceous 

Yaylacayi Formation, as seen north of Tosya (Figure 5.84). The tkiçam Formation is 

unconformably overlain by Upper Eocene and younger sediments. 
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Figure 5.84. Simplified geological map of the central Pontides showing outcrop of the 

!kiçam Formation 

5.7.1 Structure of the !kicam Formation 

The tkicam Formation crops out within internally deformed, elongate fault-

bounded slices (up to -10 km long), unconformably overlain by Tertiary and 

younger cover sediments. Major thrusts and strike-slip faults (commonly containing 

serpentinite and/or carbonated serpentinite) juxtapose the Ikicam Formation with 

other units. Many of the major faults also cut the overlying Tertiary sediments. 

Outcrop of the unit straddles major strike-slip faults (e.g. Avsar fault, Tosya fault, 

Kargi Fault, Devrez cay fault zone; Dhont et al. 1998) which are part of the active 
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North Anatolian Fault Zone, the current plate boundary between the Eurasian and 

Anatolian plates (Suzanne et al. 1990; Dhont et al. 1998). Estimates of finite 

a) dextral strike-slip faults 	 b) sinistral strike-slip faults 

N 	 N 

n14 	 n=28 

Figure 5.85. Rose diagrams showing measured strike orientations of strike-slip faults in 

the Central Pontides. 

displacement along this fault zone range from 25 ± 5 km to 350 to 400 km (Barka 

1992). Polyphased strike-slip deformation has resulted in both dextral and sinistral 

fault motions (Dhont et al. 1998). Measured strike orientations of strike-slip faults 

are shown in Figure 5.85. Large scale pre-Neogene structures of the Ikicam 

Formation are dissected and significantly offset by these Neogene strike-slip 

structures. The outcrops of the tkicam Formation, therefore, occur within different 

tectonic blocks (i.e. South Tosya Block, North Tosya Block; Dhont et al. 1998) that 

may have been subject to independent rotations. 

Sedimentary structures (graded bedding, load casts, bioturbation, cross-

lamination) and cleavage-bedding relationships indicate a variety of younging 

directions and way-up within the unit. A continuous thick succession (<1000 in post 

deformational thickness) of overturned beds was observed in several localities 

between Tosya and çankiri (e.g. Guneyaluc, AkbUk, southeast of Ilgaz (near 

Yuvasaray village; gr: G31, 588231), northwest of Ilgaz (gr: G31, 460353), near 

Korgun and northwest of cankiri (gr: G31, 464061); see Figure 5.84). Southeast of 
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Ilgaz (Yuvasaray) and at Akbük the overturned succession of sandstones forms a 

series of northward inclined downward-facing SW-plunging tight chevron folds 

Tectonic transport direction 

S 

0 lOm 

Figure 5.86. Field sketch of downwards-facing inclined tight asymmetrical chevron 

folds within the !kiçam Formation, observed southeast of Ilgaz near the village of 

Yuvasaray (gr: G31, 722394). 

(Figures 5.86 and 5.87). Their asymmetry gives an apparent southwards vergence. 

However, because the beds are overturned and the folds are facing downwards to the 

north the structure is here interpreted to be part of the overturned limb of a northward 

verging nappe (Figures 5.86 and 5.87). Fold axes observed near Yuvasaray plunge 

dominantly to the west and poles to bedding lie in the ENE hemisphere of an equal-

area projection (Figure 5.88a). 
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Figure 5.87. Generalised structural cross-section through the ikiçam Formation northwest of Akbük. 
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Figure 5.88. Equal-area (Schmidt/Lambert) plots of structural data collected from the 

Ikicam Formation at: a) Akbük; b) Yuvasaray; c) Odemi; d) Ilisilik; e) other localities. 

I) poles to all measured fold axial planes and plunge of all measured fold axes. 
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At Akbük, folds in sandstones of the !kicam Formation are more rounded 

than at Yuvasaray and fold axes and cleavage are less steeply inclined northward, to 

sub-horizontal (Figure 5.87). The strike of measured recumbent north-dipping fold 

axial planes at AkbUk range between 03000900  (i.e. NE-SW strike). The distribution 

of poles to bedding and the plunge of a minor fold measured in the field (Figure 

5.88b) indicate that the folded structure at Akbük plunges to the northeast. 

The distribution of bedding plane and fold orientation data for AkbUk and 

Yuvasaray, as shown in Figure 5.88a and b are consistent with that for plunging 

inclined folds (Hobbs 1976, p.  180). Despite being located on different sides of a 

major strike-slip fault (i.e. the Avsar fault; Dhont et al. 1998), which has probably 

been active since Late Miocene time (Serravalian-Tortonian; McKenzie 1972) 

(11.61-13.65 Ma; Gradstein et al. 2004). The two localities exhibit downward-facing, 

northward-inclined, overturned folds. Both localities imply a regional top-to-the-

north sense of motion. Similar overturned folds were also observed at Guneyaluc, 

Korgun, and 12 km northwest of çankiri at Akcavakif (gr: G31, 464061) (Figure 

5.84). 

The tkiçam Formation commonly exhibits sedimentary structures that 

indicate an overall northward-younging direction for dominantly north-dipping right-

way-up successions, as exposed at several localities, including the northern part of 

the cross-section at Akbük (Figure 5.87). Structural data from Akbük are shown in 

Figure 5.88b. Outcrops of the tkiçam Formation near Akbük less commonly exhibit 

steeply south-dipping beds or locally overturned, steeply north-dipping beds. The 

plunge of a minor fold measured 30° to 014° and pencil cleavage (in the nose of 

folds) is orientated 55°E/020°. Measured axial surfaces in this area are typically 

inclined 37°N/083°. In combination with south-vergent asymmetrical geometry of 

minor folds these observations indicate that the right-way-up succession forms a 

series of northward-inclined, southeast-facing southeast-vergent close chevron folds 

that plunge gently to the northeast. Large (wavelength >50 m) northward-inclined 

south-vergent, asymmetrical chevron folds are well exposed 5 km north of Tosya (on 

the Kastamonu road; Figure 5.84). Geometrically similar south-vergent structures 

were also observed in right-way-up successions of the tkicam Formation south of 

Ilgaz near the village of Ilisilik (gr: G31, 597249), at Aagikaya, and 6 km northwest 
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of Ilgaz (near Odemi gr: G31, 460353) (Figure 5.84). Structural data from these 

localities are shown in Figure 5.88c, d and e. Fold data for the whole unit are shown 

in Figure 5.88f. 

Overturned limestone beds of the Ikiçam Formation near Guneyaluç (south of 

Tosya, gr: G32, 060360) exhibit a conformable transition (stratigraphically upwards) 

into the Yaylacayi Formation. 

A succession of interbedded calcarenite and pelite beds of the Ikicam 

Formation exhibiting a variety of styles of folding is exposed 10 km south of Ilgaz, 

near the village of Ilisilik (gr: G31, 597249). In the Ilisilik area, the unit exhibits 

parallel folds with wavelengths commonly-JO in but ranging from <1 in to >40 in. 

Rounded and chevron folds are exposed with inter-limb angles ranging from open to 

tight and, with recumbent, inclined and upright axes ranging from sub-horizontal to 

sub-vertical. Polyclinal folds, box folds and kink bands were also observed. 

Structural data from this location are shown in Figure 5.88d. Fold axial surfaces are 

inclined to the north and also to the south. Measured plunge directions are both north 

and south. Fold axial surfaces in this area are not planar. Small-scale north-vergent 

asymmetrical folds were observed within the limbs of larger south-vergent folds. 

This outcrop (>2 km long) exhibits dominantly right-way-up bedding (as indicated 

by Thalassinoides sp. bioturbation, sole marks and graded beds). Only the short 

limbs of asymmetrical recumbant folds are overturned. Folds near Ilisilik exhibit 

northward and southward vergence and facing directions. This outcrop is located 

only 4 km west of Yuvasaray where the structures are overturned and face down to 

the north (as described above). 

In addition to the folding described above, the Ikiçam Formation commonly 

exhibits a strong shear fabric. Competent beds are commonly boudinaged within 

scaly-clay or form small-scale (10 m) duplex structures. Top-to-the-north fabrics 

are commonly cut by top-to-the-south fabrics. Top-to-the-north shear fabrics are 

folded by south-vergent folds. The unit also exhibits discrete thrust faults that dip to 

the northwest and to the southeast. Measured strike orientations of thrust faults 

within the unit are show in Figure 5.89. 
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Figure 5.89. Rose diagram showing measured strike orientations of thrust faults within 

the !kicam Formation. 

The two different structural styles exhibited by the tkiçam Formation indicate 

apparently opposite senses of motion (ie. top-to-the-north and top-to-the-south). 

Some exposures exhibit folds with both top-to-the-north and top-to-the-south 

geometries; also non-planar axial surfaces suggest re-folding. The presence of small-

scale north-vergent folds and shear fabrics within the limbs of larger south-vergent 

folds and within top-to-the south thrust duplexes suggests that north-vergent 

deformation preceeded south-vergent deformation. 

Outcrops of overturned north-vergent folds and outcrops of right-way-up 

south-vergent folds are separated by strike-slip faults of probable Neogene age. 

Therefore, the original structural relationship between the two fold geometries 

remains unclear. 

5.7.2 Sedimentary fades and Igneous Petrology of the lkiçam Formation 

The lower part (-2 km) of the formation comprises thinly bedded (beds <4 

cm), buff-coloured, micritic, to muddy, limestones with thin grey pelitic schist 

partings and tuff (Figure 5.90). In thin section, these sediments are muddy and 

contain various species of Globotruncana. The morphology of some species can be 
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used as a guide to water depth. Within the Ikicam Formation species of foraminifera 

were identified within individual samples (Appendix 1) that cover the full range of 

water depths (i.e. surface mixed layer-intermediate, sub surface mixed layer-deep, 

sub thermocline; Stewart and Pearson 2000; see Appendix 1). Surface mixed layer 

forms are less abundant; intermediate and deep forms are present in roughly equal 

abundance. Stratigraphically upwards, these sediments grade into cream-buff-

coloured, well-bedded, normal-graded calcarenites containing volcanic lithoclasts 

(Figure 5.91). The calcarenites exhibit slump structures, convolute bedding and sole 

marks and have laminated shaly and many tops. At higher stratigraphic levels the 

succession passes into medium-bedded (<50 cm), medium- to coarse-grained 

sericitic, and quartzo-feldspathic sandstones, and thinly bedded (<10 cm) 

volcaniclastic sandstones and shales. Individual sandstone beds exhibit erosive bases 

with load casts. The sericitic sandstones are massive near the base and some beds 

exhibit cross-lamination and laminated siltstone tops. These features represent the 

Bouma divisions of turbidites (Ta-Te; Bouma 1962). In thin section, the sandstones 

contain angular grains of volcanogenic quartz and feldspar. Some beds contain 

sericite, chert and polycrystalline (i.e. metamorphic) quartz grains. Rare schistose 

lithoclasts are present. 

The sedimentary succession includes minor igneous sills, massive lava flows 

and rare pillow lavas. Olivine-, biotite- and homblende-phyric flows (monchequite) 

are interbedded with calciturbidites, near Aagikaya (Figure 5.84). Their mineralogy 

indicates a potassium-rich magma composition. Basic lava flows and sills containing 

large (<2 cm) phenocrysts of biotite, analcite and saute (alkali pyroxene) are 

observed northwest of Tosya. These volcanic rocks are interbedded with coarse 

volcaniclastic debris-flows including boulders (<50cm) of sodalite- and amphibole-

phyric basic vesicular lava, and volcaniclastic shales and sandstones of Late 

Cretaceous age (containing Globotruncana). The presence of analcite and saute 

indicates alkaline compositions (e.g. trachytic). 

The unit locally interdigitates with volcanic and volcaniclastic rocks of the 

Yaylacayi Formation. 
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Figure 5.91. Photomicrograph of Upper Cretaceous sandstone from the Ikiçam 

Formation: Note the presence of terrigenous (mica, quartzite), volcanic (lava) and 

biogenic clasts (chert). 

5.7.3 Whole-rock igneous geochemistry of basic rocks within the lkicam 

Formation 

Ten non-porphyritic, non-vesicular and petrographically fresh samples of 

mafic lava from the tkicam Formation were analysed by XRF for whole-rock 

abundances of major and trace elements (see chapter 3 and appendix 2 for analytical 

procedures). Four of the samples fall within the acceptable range for naturally 

occurring unaltered basic igneous rocks (Si02  <54%, MgO+CaO <12-22>; Pearce 

1973). All ten samples are plotted on Harker diagrams showing the variation between 

immobile A1203  and the potentially mobile elements CaO, Si02, Fe203  and MgO 

(Figure 5.92). Amongst the samples there is no correlation between the abundances 

of the mobile elements and immobile A1203. This suggests that the abundances of 

these elements were affected by post-magmatic mobilisation during alteration, 

metamorphism or weathering of the Ikicam Formation. Figure 5.93 shows Harker 

diagrams for pairs of relatively immobile elements in the samples from the Ikicam 

Formaion. There is a positive correlation between the variation of Ni and Mg, and 

between Zr and Nb. However, there is no clear relationship between the variation of 

Cr and Mg, or Cr and Ni. The lavas may represent more than one magma type. 
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Figure 5.92. Harker diagrams showing variation between pairs of potentially mobile elements for samples from the !kiçam Formation. 
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The ten samples are classified using the total alkalis vs. silica diagram in 

Figure 5.94. All but one of the samples have basic compositions. A classification 

based on immobile trace elements (Figure 5.95) shows that in five of the samples the 

basic composition is a reflection of their primary igneous chemistry and not a result 

of element mobilisation during secondary processes. Two of these samples have 

MgO+CaO outside the range 12-22 wt. % and five samples are shown to have 

immobile element compositions indicative of intermediate (andesitic) primary rock 

compositions and are, therefore, not useful for tectonic discrimination (section 3.3.8). 

The three samples with basic primary compositions are plotted on seven 

basalt discrimination diagrams below (Figures 5.96 and 5.102; see section 3.3.8.4 for 

explaination). 
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Figure 5.94. Classification of rock samples from the Ikicam Formation on the total 

alkalis-silica diagram (Le Maitre et al. 1989). 
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Figure 5.96. Basic igneous rocks from the Ikicam Formation plotted on the ternary 

TilZr/Y discrimination diagram (Pearce and Cann 1973). Within-plate basalts field D, 

ocean-floor basalts in field B, low-potassium tholeiites in fields A and B, calc-alkali 

basalts in fields C and B. 
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Figure 5.97. Basic igneous rocks from the Ikiçam Formation plotted on the Cr-Y 

discrimination diagram (Pearce 1982). 
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Figure 5.98. Basic igneous rocks from the Ikicam Formation plotted on the Ti/Zr 

discrimination diagram (Pearce and Cann 1973). Ocean-floor basalts plot in fields D 

and B; low-potassium tholeiites in fields A and B, and caic-alkali basalts in fields C and 

B. 
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Figure 5.99. Basic igneous rocks from the Ikiçam Formation plotted on the log Ti/log 

Zr discrimination diagram (Pearce 1982). Ocean-floor basalts plot in fields D and B; 
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Figure 5.102. Basic igneous rocks from the !kicam Formation plotted on the Nb/Zr/Y 

discrimination diagram (Meschede 1986). Al and All = within-plate alkali basalt 

compositional field, B = plume-influenced MORB compositional field, C = within-plate 

tholeiite compositional field, D = N-type MORB and volcanic arc basalt. 
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Figure 5.103. Nb!Y vs. Zr/Y variation for lavas from the Ikiçam Formation. Diagram 

from Fitton et al. 1997. 

On the Ti-Zr-Y ternary diagram (Figure 5.96; Pearce and Cann 1973) the 

samples are all 'Within-Plate Basalts' apart from one 'Volcanic Arc Basalt'. This is 

confirmed by the Cr/Y diagram (Figure 5.97; Pearce 1982) on which the composition 

of two of the Within-Plate Basalts overlaps with the compositional field for MORB. 

On the linear plot of Ti/Zr (Figure 5.98; Pearce and Cann 1973) the samples lie 

closest to the composition of 'Ocean Floor Basalt'. The logarithmic plot of Ti/Zr 

(Figure 5.99; Pearce and Cairn 1973) shows agreement with the Cr/Y diagram i.e. 

'Within-Plate Lava', (two of which are ambiguously either Within-Plate Lava or 

MORB) and one 'Arc Lava'. The Zr/Y vs. Zr diagram also confirms this. The three 

'Within-Plate Basalts' are termed 'Ocean Island Basalts' on this diagram and plot in 

the same space as continental arcs because the Zr/Y enrichment is not a measure of 

alkalinity but of an enriched source (Pearce 1983). Both Ocean Island Basalts and 

Continental Arc Lavas could be derived from a similarly enriched source with the 

only difference being the presence or absence of a subduction component (Pearce 

1983). The V/Ti plot (Figure 5.101; Shervais 1982) and the Nb-Zr-Y ternary diagram 

(Figure 5.102; Meschede 1986) are consistent with the results of the other 

discrimination diagrams. On these diagrams the three samples are 'Ocean Island 
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Basalts' or 'Within-Plate Alkali Basalt'. The Nb/Y vs. Zr/Y plot (Fitton et al. 1997) 

shows the lavas from the tkiçam Formation fall within the range of Icelandic basalts, 

i.e. plume-influenced MORB. Figure 5.104 shows that the MORB-normalised multi-

element patterns of the basaltic samples from the tkicam Formation do not exhibit 

any subduction component (eg. negative Nb anomaly, HFSE depletion). The samples 

do, however, exhibit an enrichment of Ti relative to Y, a distinctive feature of 

Within-Plate lavas (Pearce 1982). 
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Figure 5.104. MORB-normalized multi-element abundances for unaltered basic dykes 

from the Ikiçam Formation. Normalizing values: Sr = 120 ppm; K20 = 0.15% ; Rb = 

2.0 ppm; Ba = 20 ppm; Nb = 3.5 ppm; La = 3 ppm; Cc = 10 ppm; Nd = 8 ppm; P205  = 

0.12% ; Zr = 90 ppm; Ti02  = 1.5% ; Y =30 ppm; Sc =40 ppm; Cr = 250 ppm (Pearce 

1973). 

In summary the discrimination diagrams show that the three samples are 

'Within-Plate Alkali Basalts'. 
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5.7.4 Environment of deposition and tectonic setting of the Ikiçam 

Formation. 

The Ikicam Formation begins with a muddy and tuffaceous limestone and 

pelitic facies which contain age-diagnostic, dominantly pelagic foraminifera (e.g. 

Globotruncana) that have a deep-water habitat (Stewart and Pearson 2000). This 

lowest facies in the succession contains no coarse-grained or texturally immature 

sediments and is interpreted as a deep-marine carbonate basin of Late Cretaceous age 

that contains distal volcanic tuff horizons. This facies is followed by thin- to 

medium-bedded calcarenites, sandy limestones and sandstones with shaly partings. 

These beds contain sedimentary structures (e.g. grading, cross-bedding, planar 

lamination) and commonly exhibit sole-marks such as load-casts. These sediments 

exhibit all the characteristic features of a turbidite succession (Bouma sequence; 

Bouma 1962). Some of the beds are rich in sericite and volcanic lithoclasts indicating 

a terrigenous provenance. The compositional variety amongst the turbidites 

(volcaniclastic, carbonate, terrigenous) suggests that the existence of a variety of 

sources of sediment to the basin. The Pontide metamorphic basement to the north is 

an obvious source for the terrigenous material. Fine polycrystalline quartz grains are 

interpreted as mainly meta-chert derived from pre-Jurassic accretionary complexes 

preserved in the Pontides (Ustaömer and Robertson 1997). In addition, the 

interfingering relations suggest that the volcaniclastic material was derived from an 

adjacent magmatic arc unit. The calciturbidites suggest that carbonate shelves were 

also a source for the turbidites. 

Deposition was accompanied by enriched within-plate type volcanism, together with 

sparse alkaline-peralkaline volcanism that could have been extension-related. 

5.7.5 Summary 

The Upper Cretaceous Ikicam Formation represents a volcanically active 

deep-water slope setting, with an increasing abundance of texturally immature 

volcanic and terrigenous sediments upwards. The unit contains deep-water and 

intermediate depth species of foraminifera. The tkiçam Formation interdigitates with 

the Upper Cretaceous Yaylacayi Formation. 
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Deposition was accompanied by enriched within-plate type volcanism, 

together with sparse alkaline-peralkaline volcanism that was probably extension-

related. Pillow lavas and sills within the succession are 'Within-Plate basalts' and 

'Volcanic Arc Basalts'. 

Early top-to-the-north shear fabric and folding is refolded by top-to-the-south 

folds and cut by top-to-the-south thrusts. The tkicam Formation is interpreted as 

northward emplaced sedimentary deposits of a backarc basin (see Chapter 6). 

5.8 Post-collisional sediments: Kadikizi Formation 

The Kadikizi Formation (estimated >500 in thick; Figure 5.105) of Mid 

Eocene (Lutetian) age (from biostratigraphy) crops out north of Tosya (Figures 5.106 

and 5.107) and comprises a succession of relatively undeformed sediments 

unconformably overlying the Kirazbai Mélange. The succession begins with 

Nummulitic limestones and then grades into calcarenites and shales. These sediments 

gradually pass stratigraphically upwards into lenticular conglomerate beds which 

then increase in abundance towards the top of the unit. Near the village of Kadikizi, 

the Formation lies directly on the Kirazbai Mélange, which contains a variety of 

lithologies within large blocks. The base of the Kadikizi Formation is exposed in a 

stream north of Kadikizi village (gr: F32, 9525561941), where pale, fine-grained 

limestone unconformably overlies basalt (within the Kirazbai Mélange) and fills 

thin (3 cm) neptunian dykes. The base of the Kadikizi Formation is also well exposed 

unconformably overlying a block of massive grey recrystallised fine-grained 

limestone (with patchy secondary chert nodules) within the Kirazbai Mélange, about 

1 km west of Kadikizi village. The unconformity surface is highly irregular 

suggesting that the underlying limestone block within the mélange may have been 

weathered prior to deposition of the Kadikizi Formation. The Kadikizi Formation is 

unconformably overlain by red, fissile Plio-Quaternary conglomerates. 
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5.8.1 Structure of the Kadikizi Formation 

The Kadikizi Formation crops out along the Tosya-Takopru road as part of 

an E-W trending, upright open syncline (wavelength >1 km) within a small elongate 

valley bounded by ENE-WSW trending strike-slip faults (Figures 5.105 and 5.107). 

These strike-slip faults cut the overlying Plio-Quaternary sediments and are part of 

the North Anatolian Fault Zone (Dhont et al. 1998). The valley is interpreted as a 

small pull-apart basin. The rocks of the Kadikizi Formation are not well cleaved and 

the unit does not exhibit pervasive shear-fabric or small-scale folding. Only one 

minor fold was observed. This observed minor fold is open, inclined (55°N/100°) 

and gently plunging SW (30° to 245; Figure 5.108). The beds are the right way-up 

and most of the outcrop youngs southward. The large-scale upright synclinal axial 

plane shown on Figure 5.108 is inferred from measured bedding orientations. The 

inferred orientation is 75°/140 with a plunge of 8° to 225°. Because most rotation has 

affected the sub-vertical southern limb it is likely that this fold is north-vergent. 

old axis (plunge 

oles to beds 

Figure 5.108. Lower hemisphere equal-area projection of structural data from the 

Kadikizi Formation. Solid great circle marks the axis of a minor fold measured in the 

field. Dashed great circle marks the major fold axis inferred from bedding orientations. 

B = 81  to 225. 

Three faults were observed cutting the unit and were orientated 50°-90°/090° 

and one at 90°/010°. The faults exhibit low-angle slickensides (12° and 35°) that 
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define a top-to-the-north, dextral sense of motion. These faults also cut the 

unconformably overlying younger sediments. 

5.8.2 Age and sedimentary fades of the Kadikizi Formation 

The Kadikizi Formation comprises dominantly sandy bioclastic limestones 

containing abundant plant debris, large benthic Nummulites sp. and coarse shell 

fragments. The Nummulites constrain the age of this unit to Mid Eocene (48.6-40.4 

Ma) (Prof. Izver Ongen, Prof. Kemal Tali and Prof. Nurdan Inan, Pers. comm. 

2004; see Appendix 1). Their water depth habitat was in the range 20-100 m (Stewart 

and Pearson 2000). The formation begins with thin (-5 cm) graded beds of medium-

to coarse-grained (<3  mm), poorly-sorted, pebbly litharenite composed of 

metamorphic clasts, quartz, mafic lithoclasts and pyrite. These graded sandstones 

exhibit (<20 cm) muddy micritic limestone tops (wackestone containing <50% sand 

grains) and contain detrital plant debris (lignite). The sandstone is interbedded with 

blueish grey silty marl. 

The litharenites and marl are followed by thick bedded (<40 cm), massive, 

medium-grained and poorly sorted nummulitic calcarenites and calcareous quartzose 

sandstones, interbedded with laminated grey shale. The nummulitic calcarenite and 

calcareous quartzose sandstones dominate the mid levels of the succession. The 

calcarenite beds exhibit irregular bases and flat tops, which show that the unit is the 

right way-up stratigraphically, and that it locally youngs southwards (Figure 5.105). 

The sandstones are a light grey colour, well-bedded (beds <10 cm), medium- to 

poorly-sorted coarse-grained, nummulitic, quartz-rich calcareous arkoses. These 

sandstones are thinly bedded (2 mm - 5 cm), cross-bedded and laminated. They 

contain large bivalves, feldspar, white mica (up to 0.75 mm) and minor amounts of 

mafic lithoclasts and rare outsize clasts (5 cm) of vein quartz. 

The upper part of the succession comprises interbedded lenticular 

conglomerate bodies (l m thick) and laminated shale. The conglomerate contains 

large (<20 cm), well-rounded, spherical, clasts of quartz and, rollers and blades of 

mica schist (probably derived from the Kunduz unit) and vein quartz. The 

conglomerate beds are clast-supported, to locally matrix-supported, and exhibit clast 

imbrication. The long axes of clasts dip 30° east on gently southward-dipping 
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bedding planes, suggesting that Eocene palaeocurrents flowed towards the west. The 

conglomerate lenses have erosive bases. The abundance of conglomerate beds 

increases stratigraphically upwards. 

5.83 Depositional setting 

The irregular unconformity at the base of the formation indicates that the 

underlying Kirazbai Mélange was eroded before deposition of the Kadikizi 

Formation. However, it is not clear whether the Kirazbai Mélange was subaerially 

exposed before deposition of the Kadikizi Formation. The marine fauna present 

throughout the succession eg Nummulites sp. indicate that this is a marine succession 

deposited in a neritic environment (20-200 m; Stewart and Pearson 2000). The 

presence of plant material suggests sediment input was from nearby fluvial 

distributary channels (Nichols 1999). 

Sandstones within the succession are interpreted as terrigenous litharenites 

and contain well-rounded clasts indicating abrasion in fluvial or shoreline 

environments while the low degree of sorting suggests that the sediment has been 

redeposited. Clast imbrication and graded bedding in the lower part of the formation 

indicates that the redeposition occurred from waning water currents (Tucker 1981). 

The nummulitic calcarenites are coarse-medium grained. Together with the 

presence of large benthic Nummulites this suggests that the calcarenites probably also 

accumulated in a shelf-depth setting. Their calcareous composition indicates a 

relatively low lithoclastic input. The interbedded laminated shales could be 

interpreted as normal background sedimentation into which the thick bedded, 

massive calcarenites were redeposited from the carbonate shelf by dense sediment-

laden currents (Leeder 1982). 

Towards the top of the succession the calcarenite deposition is replaced by 

grey laminated shale and lenses of conglomerate. The clastic composition of the 

conglomerates indicates a metamorphic source region (i.e. they are terrigenous). The 

clasts were highly abraded in fluvial and/or beach environments. Together with their 

clast-supported fabric and clast imbrication this suggests they were redeposited by 

water rather than sediment-gravity flows. They have erosive bases into the shale. 

Their lenticular geometry therefore suggests that they were deposited in channels. 
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The shales contain no evidence for emergence (e.g. there are no rootlets or 

evaporites) and are interpreted as a product of marine or lacustrine deposition. 

Stratigraphically upwards the succession exhibits a increase in the grain size and 

abundance of metamorphic lithoclasts while the abundance of carbonate decreases. 

The terrigenous sandstone and conglomerate beds become lenticular towards the top 

of the succession. This suggests an increase in the proximity of the source of 

terrigenous material. The succession is regressive and records a transition from 

shallow carbonate shelf (<200 m; lower shoreface; McLane 1995) to proximal 

submarine fan or delta. 

5.8.4 Summary 

The Kadikizi Formation, in the area studied, represents a shallow water (<200 

m), proximal submarine fan or delta of Mid Eocene age (48.6-40.4 Ma) constructed 

directly upon the Upper Cretaceous Kirazbai Mélange. The presence of large 

benthic foraminifera Nummulites sp. indicate a Mid Eocene (Lutetian) age for the 

unit. The Kadikizi Formation contains a variety of mafic lithoclasts and metamorphic 

terrigenous material. Because the Kadikizi Formation is relatively undeformed at 

outcrop scale, and does not exhibit north-vergent deformational structures its age 

constrains the timing of early north-vergent collision-related deformation that is 

observed in the underlying Kirazbai Mélange and the other Upper Cretaceous units 

to pre-Mid Eocene. 
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5.9 Summary of the suture zone in the Central Pontides 

In the north of the area, the Eskikoy Formation, of Campanian age (83.5-70.6 

Ma), records an abrupt change from tropical weathering of an emergent continental 

margin area to open-marine pelagic carbonate deposition, initially with little or no 

clastic input. Carbonate deposition was followed by deposition of turbidites derived 

from terrigenous and ophiolitic sources. Taking account of its tectono-stratigraphic 

position (i.e. unconformably above Eurasian basement and tectonically overlain by 

ophiolitic mélange) the Eskikoy Formation records subsidence of the Eurasian 

margin prior to the emplacement of accretionary mélange. It is likely that the 

subsidence of the Eurasian margin, and the deposition of the Eskikoy Formation 

were a direct result of the emplacement of ophiolitic units during the initial stages of 

the collision of oceanic and continental margin units. Therefore, the Eskikoy 

Formation is interpreted as a trench-margin collision facies (Robertson 1994). It thus 

constrains the emplacement of the ophiolitic mélange to no older than Campanian 

(83.5-70.6 Ma). 

The Kizilirmak Ophiolite is a -3.5 km thick, relatively intact ophiolite of 

Campanian-Maastrichtian age (83.5-65.5 Ma; Tuysuz 1988, 1990). Coherency of 

ENE-WSW sheetd dyke orientations suggests that an oceanic spreading centre could 

have been orientated in this direction, and suggests regional NNW-SSE extentional 

palaeostress. Dextral strike-slip faults are orientated -90° to the sheeted dykes (i.e. 

NNW-SSW) and may represent oceanic transform faulting. Isolated diabase and 

plagiogranite dykes are uncommon in the Kizilirmak Ophiolite. Whole-rock basalt 

geochemistry and chromian spinel compositions indicate that the Kizilirmak 

Ophiolite represents either lithosphere formed at a mid-oceanic ridge or in a backarc 

setting. The ophiolite exhibits a pervasive north-vergent shear fabric cut by top-to-

the-south thrust faults and sinistral strike slip faults. Based on biostratigraphic data of 

TuysUz (1988) the ophiolite is of Campanian-Maastrichtian age (83.5-70.6 Ma). The 

ophiolite was therefore emplaced from south to north during Late Cretaceous 

(Campanian-Maastrichtian) time. 

The Kirazbai Mélange contains blocks of Albian to Late Maastrichtian age 

(112-65.5 Ma). This range represents the age of the Neotethyan lithosphere that was 
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subducted and provides a maximum age of mélange accretion (i.e. Late 

Maastrichtian). The mélange is interpreted as an accretionary complex that 

developed in response to northward subduction of Neotethys and contains two 

lithological associations; 1) a chert-basalt-serpentinite-clastic association that 

represents oceanic lithosphere with a terrigenous sedimentary cover; 2) a massive 

limestone-volcaniclastic association that represents a volcanic seamount facies. 

Whole-rock geochemistry of basic igneous rocks from the Kirazbai Mélange 

indicates that the lavas have 'within-plate' and MORB compositions. Some of the 

samples have compositions that are ambiguous and could be either MORB or 'Island 

Arc Tholeiite' .The mélange has a paucity of sedimentary matrix relative to blocks of 

ophiolitic association (e.g. peridotite, diabase, chert). This indicates a low degree of 

sediment accretion and/or deposition at the trench. The mélange could have formed 

in an oceanic setting, far away from the continental margin. Blocks of terrigenous 

sediment are common within the mélange in the north of the area while blocks of 

pelagic chert, sheeted dykes and gabbro are more common in the south. This could 

represent the original transition between the continental margin in the north and 

oceanic lithosphere to the south. The blocks of terrigenous sediment could have been 

progressively accreted into the mélange as it approached the continental margin. 

Alternatively the terrigenous sedimentary blocks could have been tectonically 

included during backthrusting. The mélange exhibits a pervasive north-vergent shear 

fabric that is cut by top-to-the-north thrust faults. The top-to-the-north fabric could 

be related to northwards emplacement of the mélange onto the Eurasian margin. Top-

to-the-south thrusts and shear-zones cut the top-to-the-north structures and juxtapose 

the mélange against various other units, top-to-the-south structures are interpreted as 

collision-related. 

The Yaylacayi Formation contains microfossils that indicae a Campanian-

Maastrichtian age for the unit. Fine-grained sediments including chert, umber and 

micritic limestone are present between pillow lavas low in the succession. Texturally 

immature volcaniclastic sediments predominate at higher stratigraphic levels. The 

volcaniclastic succession then grades into fine-grained sandstone, shale and micritic 

limestone, (-500 in thick) at the top of the sequence. Whole-rock geochemical 
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analyses of basalts from the Yaylacayi Formation show compositions comparable to 

modern volcanic arcs and MORB. Some samples also have enriched compositions. 

Northerly outcrops of the unit the unit are schistose. The cleavage dips to the 

northwest and is folded by south-vergent folds. Top-to-the-north compressive 

structures are commonly cut by top-to-the-south structures. Later normal and strike-

slip faults also cut the unit. 

The Campanian-Maastrichtian Yaprakli Formation is interpreted as a 

proximal (upper) submarine fan or slope facies (Nichols 1999) deposited following a 

marine transgression of the volcanic arc. Following initial transgression of the 

volcanic arc (Yaylacayi Formation) the unit records a regression from inferred 

offshore to upper shoreface deposition. This could be either due to relative sea-level 

fall or progradation of the sediments. The shallow-water carbonate grains and shell 

fragments (e.g. rudists) were possibly derived from carbonate environments built 

upon or, around, the inferred volcanic arc edifices (represented by the Yaylacayi 

Formation) in the area studied. 

The Upper Cretaceous Ikicam Formation represents a volcanically active 

deep-water slope setting, with an increasing abundance of texturally immature 

volcanic and terrigenous sediments upwards. The unit contains deep-water and 

intermediate depth species of foraminifera. The Ikicam Formation interdigitates with 

the Upper Cretaceous Yaylacayi Formation. Early top-to-the-north shear fabric and 

folding is refolded by top-to-the-south folds and cut by top-to-the-south thrusts. 

Deposition was accompanied by enriched within-plate type volcanism, together with 

sparse alkaline-peralkaline volcanism that was probably extension-related. Pillow 

lavas and sills within the succession are 'Within-Plate basalts' and 'Volcanic Arc 

Basalts'.The Ikicam Formation is interpreted as a backarc basin (see Chapter 6). 

A minimum age for accretion of the Kirazbai Mélange is provided by the Mid 

Eocene Kadikizi Formation which are the oldest overlying sediments. 
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6 Discussion 

6.1 Introduction 

In this chapter key data from the Eastern Pontides and Central Pontides are compared 

and then discussed in the regional and global tectonic context. 

6.1.1 Comparison of the Izmir-Ankara-Erzincan Suture Zone in the 

Eastern and Central Pontides. 

In the Eastern Pontides the south Tethyan margin is represented by a thick 

carbonate succession that is interpreted as a stable carbonate platform; the Triassic-

Upper Cretaceous Munzur Dagi Formation (Sengor and Yilmaz 1981, OzgUl and 

Turucu 1984). The top of the neritic carbonate succession passes conformably into a 

thin micritic limestone unit (Ayikayasi Formation Figure 6.1; section 3.2) which 

contains a pelagic microfauna of Campanian-Maastrichtian age (section 3.2, Ozgul 

and Turucu 1984). The upper levels of the Ayikayasi Formation contain 

conglomerates and sandstones with ophiolitic lithoclasts and pebbles of neritic 

carbonate. The obvious source for the limestone clasts is the Munzur Platform 

(Taurides) located to the south, while the ophiolitic lithoclasts are most likely to have 

been derived from the Izmir-Ankara-Erzincan Suture Zone to the north. The 

Ayikayasi Formation is interpreted as a trench-margin collision tectonic facies 

(Robertson 1994) and indicates a transition to deep-marine conditions during 

foundering of the south Tethyan margin ahead of ophiolitic nappes that were 

emplaced from the north (Ozgul and Turucu 1984). The same facies is observed in 

rocks of identical age 500 km southwest in the Taurides (Ozer et al. 2004) indicating 

roughly contemporaneous southward obduction of ophiolites onto the Tauride 

Platform. However, while ophiolites in the Munzur Mountains (Eastern extension of 

the Taurides) are likely to have been rooted in the Izmir-Ankara-Erzincan Suture 

Zone, those further southwest in the Taurides (e.g. Mersin) may have been rooted in 

a smaller south Tethyan ocean basin; the Inner Tauride Ocean (Clark and Robertson 

2002). 
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In Central Anatolia ophiolites were emplaced southwards from the Izmir-

Ankara-Erzincan Suture Zone onto the Kirehir/Nigde massifs during Campanian-

Maastrichtian time ($engor and Yilmaz 1981; Floyd et al. 1998; Robertson 2004). 

A very similar succession, also of Campanian age crops out in the Central 

Pontides to the north of the Izmir-Ankara-Erzincan Suture Zone (Eskikoy Formation; 

Figure 6.2; section 5.2). The base of the Eskikoy Formation is formed by a thin 

micritic limestone containing pelagic Globotruncana microfossils (Tuysuz et al. 

1988, 1990; Ustaömer 1993; Yilmaz et al. 1997). The pelagic limestone passes 

upwards into turbiditic sandstone and shale containing ophiolitic and terrigenous 

material. However, in the Central Pontides the Eskikoy Formation lies directly upon 

the Palaeozoic-Early Mesozoic metamorphic basement of the Pontides (Tuysuz et al. 

1988, 1990; Ustaömer 1993; Yilmaz et al. 1997). The terrigenous material and the 

ophiolitic lithoclasts observed within turbiditic sandstones of the Eskikoy Formation 

was presumably derived from the Pontides (Eurasian margin) to the north and the 

ophiolitic nappes advancing from the Izmir-Ankara-Erzincan Suture Zone to the 

south. The Eskikoy Formation records the development of a foredeep during 

northward emplacement of Neotethyan ophiolites onto the Eurasian margin in the 

Central Pontides during Campanian-Maastrichtian time (Ustaömer and Robertson 

1997). This is roughly contemporaneous with the southward emplacement of 

ophiolites from the Izmir-Ankara-Erzincan Suture Zone and the Inner Tauride Ocean 

onto the south Tethyan margin in the Taurides (Ozer et al. 2004; Andrew and 

Robertson 2002). The volcaniclastic sediments within the succession could have 

been derived from a volcanic arc unit further south (the Kodag unit, interpreted as 

part of the Yaylacayi arc; see below; Ustaömer and Robertson 1997). The 

volcaniclastic and terrigenous sandstones in the Eskikoy Formation are lithologically 

similar to parts of the Ikiçam Formation and it is likely that the two units are 

intergradational. 

The Refahiye Complex, of Cenomanian-Early Senonian age (Yilmaz 1985; 

Aktimur 1995) comprises an extensive thrust sheet of dominantly serpentinised 

harzburgitic tectonite, ultramafic cumulates, gabbro and, a disrupted diabase sheeted 

dyke complex with screens of metamorphic host rocks (Figure 6.1; section 3.3). 

Thus, the Refahiye Complex exhibits the lower to mid-levels of a slice of oceanic- 
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type lithosphere. Whole-rock geochemistry of basic dykes and, chromite 

compositions show distinctive element enrichments transitional between supra-

subduction zone (SSZ) and mid-ocean ridge basalt (MORB) compositions (section 

3.3.8). The composite geochemistry of the Refahiye Complex is comparable to the 

composition of basaltic extrusive rocks from modern backarc basins (Weaver et al. 

1979; Saunders and Tarney 1984). The metamorphic screens were first interpreted as 

parts of the Kirehir Block (Kirehir massif) tectonically emplaced into the ophiolite 

by the North Anatolian Fault Zone (Bergougnan 1975). However, the metamorphic 

rocks exhibit intrusive contacts with the sheeted dykes of the ophiolite (Yilmaz 

1985). The metamorphic host rocks within the ophiolitic Refahiye Complex are 

comparable with the Upper Palaeozoic-Early Mesozoic metamorphic basement of the 

Pontides (e.g. Dogankavak Unit; Topuz et al. 2004). The cross-cutting dykes are 

inferred to be related to the adjacent exposures of 100% sheeted dykes. They are 

unlikely to represent fragments of older dyke-rich metamorphic basement, as 

exposed in some parts of the Pontides (e.g. Artvin region; T. Ustaömer, pers comm., 

2004). The presence of igneous contacts between diabase dykes and their 

metamorphic host rocks, therefore, suggests that the ophiolite did not form in an 



Neritic limestone 

Shale 

LIII Sandstone 

Limestone/marble 

Bauxite 

N.. Thrust contact 

Palaeocurrent measurement 

5 2000 

1000 

Mu//s/I FMC 
b 	_alo  

346 

Refahiye Compex 
(Upper Cretaceous) 

8000 

/ 

7000 

6000 

E 5000 

S 
0) 
c 

-Sc 

4050 

3000 

2000 

S 
1000 S 

S s 

0 

a 

Karadag Formation 
(Campanian-Maastrichtian) 

3U00—,---,-- 	 Siikär Formation 
(Palaeocene-Mid Eocene) 

Sütpinar Formation 	500 
(Upper Cretaceous- 	E 

Lower Eocene) 

1500,;  

I. 	

MudS(l FMC 
- 	 cJ 	Seed 

E 1000 

LIII Chert 

[1]]]] Diabase dykes 

	

500 	
Basalt/alkali basalt 

Gabbro 

- - 	 Basaltic pillow lava 

	

0r 	 Cumulate (dunite/pyroxenite) 

MSO/00 	 Serpentinite 

	

C 	Sa00 	 Sheared serpentinite 

Pelitic schist 

Conglomerate 

Felsite/tuff 

F7 79  Andesite 

Volcaniclastic sandstone 

Figure 6.1. Composite logs of the units within the Izmir-Ankara-Erzincan Suture Zone in the Eastern Pontides. 



Kizilirmak Ophiolite 	Ikicam Formation 
(Campanian-Maastrichtian) (Campanian-Maastrichtian) 

U) 
U) ci) 
C 

0 

Urn 

Md uS FMC 
Sand 

M:Idsflt F510 
Said 

d 

3 
E 
U) 

C 
Chert 

BJill Diabase dykes 

Basalt/alkali basalt 

Gabbro 

Basaltic pillow lava 

Cumulate (d unite /pyroxenite) 

Fi1I Serpentinite 

Sheared serpentinite 

Yaprakli Formation 
(Campanian-Maastrichtian) 

500 , 

400 

3002 

/ 
E __ 

C 

I-) 

p200 - 

to  

III 
Mud!sSt FMC 

Sand 
e 

Pelitic schist 

Conglomerate 

• Felsiteftuff 

Andesite 

Volcaniclastic sandstone 

Neritic limestone 

Shale 

Sandstone 

Limestone/marble 

Bauxite 

r—. 	Thrust contact 

/ 	Palaeocurrent measurement 

Eskikäy Formation 
(Campanian) 

150 

100  

Mud sR FMC 
Sand 

a 

Yayacayi Formation 
(Campanian-Maastrichtian) 

Figure 6.2. Composite logs of the units within the Izmir-Ankara-Erzincan Suture Zone in the Central Pontides. 



MM 

intraoceanic setting, but instead within a rifted continental margin. Screens of 

metamorphic rocks have been used as evidence to support an autochtonous origin for 

the 'Rocas Verdes' ophiolites of the southern Andes, which are a classic example of 

a 'Cordilleran' ophiolite (cordilleran ophiolites of the southern Andes are described 

by Daiziel 1974, Stern and Dc Wit 2003). The Refahiye Complex could have 

originated in a similar way to the Rocas Verdes ophiolites. The Refahiye Complex 

was emplaced northwards onto the Pontides during Early Campanian-Early 

Maastrichtian time (Ozgul 1981; Aktimur 1990, 1995). 

In the Central Pontides the relatively intact Kizihrmak Ophiolite is thought to 

be of Campanian-Maastrichtian age based on microfossil assemblages within the 

associated epiophiolitic sedimentary rocks (Tuysuz 1990). Outcrop of the Kizilirmak 

Ophiolite is less extensive than the Refahiye Complex and isolated dykes and 

plagiogranite bodies are less common (section 5.30). The sheeted dykes trend ENE-

WSW and subvertical dextral strike-slip faults trend NNW-SSE (i.e. normal to the 

sheeted dykes). It is possible that these orientations represent the original orientation 

of an oceanic-type spreading centre and associated transform faults. However, later 

tectonic rotation is entirely possible. Geochemical data indicate a backarc origin for 

the Kizihrmak Ophiolite (section 5.3.3). The discontinuous, lenticular geometry of 

the large thrust-slices and the high angle sheared contacts could indicate the role of 

strike-slip tectonics during emplacement of the ophiolite. Similar field relations are 

observed in southwest Turkey (Antalya Complex) where oblique convergence caused 

transpressional emplacement of the Tekirova Ophiolite (Woodcock and Robertson 

1982). Oblique subduction could have played an important role in the tectonic 

development of the Izmir-Ankara-Erzincan Suture Zone. 

The ophiolitic basalts from the Eastern Pontides have a composite 

geochemical character. Compositions are within the range for calc-alkaline and 

island arc basalts as well as for ocean floor basalts (section 3.3.8). The basalts 

analysed from the ophiolitic slices in the Central Pontides are of volcanic arc type 

but with an enriched component. The geochemistry of the Refahiye Complex and the 

Kizilirmak Ophiolite is consistent with a rifted continental margin backarc basin. 

Similar geochemical analyses have been obtained from a recent example of a rifted 
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backarc in the Bransfield Straits (section 6.3). In the Central Pontides the Kizilirmak 

ophiolite includes red shale and chert succession at the top of the section. UstaOmer 

and Robertson (1997) reported that these epiophiolitic sediments contain intercalated 

volcaniclastic sediments and interpreted them as being derived from the volcanic arc 

(Yaylacayi Formation). This observation supports the geochemical evidence for 

genesis of the ophiolite within a backarc basin setting. 

Extensive outcrops of mélange, dominantly composed of serpentinite, 

diabase, basalt, red radiolarite and pelagic limestone are exposed in the Eastern and 

Central Pontides (Karayaprak and Kirazbai Mélanges respectively; sections 3.4 and 

5.4; Figure 6.3). The mélange in both areas contains two dominant associations 

interpreted as; 1) lithosphere formed at an oceanic spreading centre including basalt 

with N-MORB chemical characteristics and; 2) accreted volcanic seamounts with 

associated massive limestone and talus. The mélange is interpreted as an accretionary 

complex. Previous work has suggested that blocks in the mélange include limestones 

of Late Carboniferous, Permo-Triassic, and Late Jurassic-Cretaceous age (Yilmaz 

1985; Kocyigit 1990; Aktimur 1995; Rojay 1995). However, it has also been 

suggested that the mélange contains blocks of Campanian age and is, therefore, of 

Campanian or younger age (Yigitba 1990; Yilmaz et al. 1997) Data obtained during 

this study indicate a Early Cretaceous maximum age for blocks within the mélange. 

This indicates the maximum age of oceanic lithosphere accreted during subduction 

and also indicates a maximum age for development of the accretionary complex. 

However, it is also possible that older oceanic crust existed but was not accreted. 

During this study blocks of interbedded terrigenous sedimentary rocks, 

pelagic chert and mudstone were observed within the mélange in the north of the 

area in the Central Pontides where it is imbricated with metamorphic basement rocks 

(Kargi Complex; TUysUz 1985, 1990). Ophiolitic blocks (e.g. gabbro, diabase 

sheeted dykes) were observed to be more abundant in the southern part of the suture 

zone. Yilmaz et al. (1997) noted that "The amount of the ophiolitic materials and 

thickness of the mélange slices within the imbricated pile show an apparent increase 

toward the south". Research in the Tokat and çankin areas led to the suggestion that 

two separate mélange belts exist in the Pontides representing two separate Upper 

Cretaceous subduction-accretion complexes (Rojay 1995; TUysuz 1995). An 
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alternative interpretation was that mélange development began in an oceanic setting 

in the south and progressed northwards towards the Eurasian margin (Yilmaz et al. 

1997). 

The northwards emplacement of ophiolitic mélange onto the Eurasian margin 

in the Central Pontides is constrained by the oldest overlying sediments that do not 

exhibit a north-vergent deformational structure (Kadikizi Formation), which are of 

Lutetian age (48.6-40.4 Ma; section 5.8). 

In the Eastern Pontides there is little exposure of accretionary mélange 

(Karayaprak mélange) to the north of Erzincan (section 3.40). This may be due to 

deeper erosion locally related to Neogene traspressional tectonics, rather than 

reflecting any differences between the central and eastern Pontides in terms of the 

Late Cretaceous development of the suture zone. Where the Karayaprak Mélange 

was observed north of Erzincan it exhibited a scaly clay matrix and is interpreted as a 

deformed sedimentary mélange (olistostromal mélange). The Karayaprak Mélange in 

the Eastern Pontides exhibits a pervasive north-vergent shear fabric and north-

vergent thrust faults. The north-vergent structures in the mélange are also seen in all 

the Upper Cretaceous units of the suture zone and are interpreted to be related to 

their northward emplacement. The Karayaprak Mélange is transgressively overlain 

by Palaeocene-Eocene sedimentary rocks that lack north-vergent deformational 

structures (Sipikor Formation; section 3.7). In addition, the Sipikor Formation does 

not occur as blocks in the mélange and, therefore, the timing of northward 

emplacement of the accretionary mélange from the Izmir-Ankara-Erzincan Suture 

Zone in the Eastern Pontides is constrained by the age of the Sipikor Formation. 

Bergougnan (1975) first named the Sipikor Formation and mapped it as Thanetian 

(Upper Eocene: 58.7-55.8 Ma). However, the Sipikor Formation appears to have a 

diachronous transgressive base and is intergradational with the Campanian-Lower 

Eocene SUtpinar Formation. North of Erzincan where the Sipikor Formation lies 

unconformably upon the Karayaprak Mélange it contains large benthic foraminifera 

(Nummulites) of Eocene age. this is the same locality which was mapped by 

Bergougnan as Thanetian (Upper Eocene). Northward emplacement, therefore, 

occurred before the Late Eocene (58.7 Ma; Gradstein et al. 2004). Where the Sipikor 

Formation unconformably overlies the Karayaprak Mélange south of Erzincan, near 
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the Munzur Mountains (e.g. at Muratboynu; section 3.7) it contains benthic 

foraminifera of Late Palaeocene-Lower Eocene age (i.e. 58.7-48.6 Ma; see appendix 

1). Southward emplacement of mélange from the Izmir-Ankara-Erzincan Suture 

Zone, therefore, occurred prior to Late Palaeocene time (>58.7 Ma). 

An intraoceanic origin for the mélange in the southern part of the suture zone 

is supported by the dominance of pelagic and ophiolitic lithologies over elastic or 

terrigenous sediments. Tectonic erosion of the overriding plate is suggested by the 

presence of harzburgitic blocks in the mélange that may have been derived from the 

overriding SSZ plate. 

In both the Central Pontides and Eastern Pontides the Izmir-Ankara-Erzincan 

Suture Zone includes two slices of an inferred Upper Cretaceous volcanic arc unit 

(Figures 6.1 to 6.3, sections 3.5 and 5.5). These two thick lozenge-shaped slices of 

dominantly volcanic and volcaniclastic rocks have been previously identified in the 

Central Pontides and interpreted as intraoceanic volcanic arcs (Kodag volcanic arc 

in the north and Yaylacayi volcanic arc in the south; Tuysuz 1990, 1995). These two 

units in the Central Pontides are here treated together and interpreted as two thrust 

slices of a single volcanic arc unit. 

In the eastern Pontides a >2000 m thick succession of spilitic basalt, andesite 

and pyroclastic rocks of Lutetian age (Karadag Volcanics) was mapped within the 

Izmir-Ankara-Erzincan Suture Zone by Kocyigit (1990). Biostratigraphic data 

obtained during this project suggest that this unit, here named the Karadag 

Formation, is of Late Cretaceous age (Appendix 1). In addition, the lithological 

characteristics, field relations, metamorphic assemblage and structural style exhibited 

by the unit suggests that this unit is correlative with the Cretaceous-Palaeocene 

Karadag Basalt Member mapped 20 km further west by Aktimur et al. (1995). 

These characteristics also suggest that the Karadag Formation is correlative with the 

volcanic arc unit in the Central Pontides (Yaylacayi Formation). 

The Karadag Formation in the Eastern Pontides and the Yaylacayi Formation 

in the Central Pontides exhibit many similarities in terms of structural position, 

metamorphism, structure, stratigraphy and lithology (sections 3.5 and 5.5). Basalts 

from the volcanic arc units in both areas have compositions of island-arc and calc-

alkali basalts, indicating a common volcanic arc origin (sections 3.5.5 and 5.5.4). 
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Neither of the units contain terrigenous material. Together with pelagic microfossils 

(e.g. Globotruncana) within shaly limestones that are interbedded with the lavas this 

indicates an open-marine extrusive setting isolated from a continental margin. In the 

Central Pontides the volcanic arc unit exhibits a locally unconformable volcaniclastic 

sedimentary cover (Yaprakh Formation; section 5.6) deposited in shallow-marine 

conditions and which lacks terrigenous material. The Yaprakli Formation is 

interpreted as a proximal arc debris apron. Palaeocurrent directions are towards the 

northeast assuming no horizontal tectonic rotation. 

The inferred volcanic arc units (Karadag Formation in the Eastern Pontides 

and the Yaylacayi Formation in the Central Pontides) both show intergradational 

relationships with thick successions of Upper Cretaceous sedimentary rocks. The 

Yaylacayi Formation appears to pass laterally into the Ikiçam Formation near the 

base. 

In the Eastern Pontides the Karadag Formation interdigitates with the 

Sutpinar Formation which crops out to the south (section 3.6). The Sutpmar 

Formation was previously mapped as Maastrichtian flysch and Upper Cretaceous-

Palaeocene sandstone, conglomerate, clay and limestone (Kocyigit 1990; Aktimur et 

al. 1995 (cerpacindere Formation)). Biostratigraphic data obtained during this study 

indicate a Campanian-Early Eocene depositional age (83.5-48.6 Ma) for the Sutpinar 

Formation. The stratigraphic base of the formation is not exposed. The unit 

comprises a 1500 m thick regressive succession of carbonate and volcaniclastic 

sedimentary rocks and passes conformably into the overlying Sipikör Formation 

(section 3.6.3). Carbonate sediment was redeposited from a carbonate shelf rich in 

Nummulites sp. which could have fringed the inferred volcanic arc. The sediments 

were redeposited into a deep-water open-marine environment by turbidity currents 

and submarine channels. The regressive succession could be interpreted as a 

stratigraphic response to relative sea-level change or the progradation of a submarine 

fan. No terrigenous material is present and a purely volcanic source area is inferred. 

The paucity of volcanic rocks indicates tectonic setting with a low heat-flow. The 

Sutpinar Formation is interpreted as a Campanian-Lower Eocene regressive fore-arc 

basin. 
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The inferred volcanic arc unit in the Central Pontides (Yaylacayi Formation) 

is intergradational with a thick sedimentary succession, which was mapped for the 

first time during this study and named the Ikicam Formation (section 4.2.5). The 

tkicam Formation occurs within the mid to upper structural levels of the imbricate 

thrust stack (section 5.7). A Late Cretaceous (Campanian-Maastrichtian) age is 

indicated by the presence of several species of Globotruncana (Prof. Izver Ongen, 

Prof. Kemal Tali and Prof. Nurdan Inan pers. comm. 2004; see Appendix 1) and is 

unconformably overlain by Upper Eocene and younger sedimentary rocks of 

theTertiary çankiri Basin. Much of the unit is overturned. The !kiçam Formation 

contains volcanogenic and terrigenous material, which increases in abundance 

stratigraphically upwards. In addition, the sediments appear to become more coarser-

grained stratigraphically upwards. These observations indicate an increasing 

proximity or exhumation of volcanic and terrigenous sediment sources. Deposition 

was accompanied by enriched within-plate type volcanism, together with sparse 

alkaline-peralkaline volcanism that was possibly extension-related. Pillow lavas and 

sills within the succession have 'Within-Plate basalt' and 'Volcanic Arc Basalt' 

geochemical characteristics. The evidence for contemporaneous volcanism indicates 

high heatfiow in the sedimentary basin and the presence of slump structures suggests 

that the basin was tectonically active. These observations, together with the presence 

of volcanic and terrigenous material can be contrasted with the data from the 

Sutpinar Formation in the Eastern Pontides and indicate a different tectonic setting 

for the the Ikiçam Formation (sections 3.6 and 5.7). The Ikicam Formation is 

interpreted as an emplaced backarc basin deposit. 

In the Central and the Eastern Pontides Tertiary sedimentary rocks (Mid 

Eocene Kadikizi Formation and Palaeocene-Eocene SipikOr Formation) 

transgressively overlie the ophiolites and ophiolitic mélange units (sections 3.7 and 

5.8). The Palaeocene-Eocene Sipikor Formation in the Eastern Pontides is 

intergradational with the inferred Campanian-Lower Eocene forearc basin (Sutpinar 

Formation). The Kadikizi Formation in the Central Pontides and the Sipikor 

Formation in the Eastern Pontides both exhibit a similar association of shallow-

marine elastic deltaic, carbonate lagoonal, and terrestrial fluvial facies and were 

constructed directly upon the Upper Cretaceous accretionary mélange (Kirazbai 
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Mélange and Karayaprak Mélange respectively). The Kadikizi Formation and the 

Sipikör Formation contain a variety of mafic lithoclasts and metamorphic terrigenous 

material. Both of these formations lack north-vergent deformational structures and, 

therefore, constrain the timing of north-vergent deformation observed in the 

underlying mélange and the other Upper Cretaceous units of the Izmir-Ankara-

Erzincan Suture Zone to pre-Mid Eocene. 

Adjacent units 

Any tectonic interpretations need to take account of several adjacent units. 

The evolution of the Eurasian continental margin is documented by the relatively 

autochthonous Pontide basement to the north. In the Eastern Pontides, Cretaceous-

Eocene calc-alkaline volcanic rocks (up to 4 km thick) are exposed 50 km north of 

the suture zone. These volcanic rocks are traditionally interpreted as part of a 

continental margin volcanic arc related to northward subduction of the northern 

Neotethys ocean (engor and Yilmaz 1981; Robertson and Dixon 1984; Akinci 1984; 

Yilmaz et al. 1997; Okay and Sahinturk 1997. However, it was recently suggested 

that the Lower Tertiary Eastern Pontide arc might relate to southward subduction of 

Mesozoic oceanic crust within the Black Sea region to the north (Bekta et al. 1999). 

This model has been opposed by other workers (e.g. Yilmaz et al. 1997; Okay and 

Sahinturk 1997). Subduction-related volcanism in the Pontides began at the Late 

Coniacian-Santonian boundary (Yilmaz et al. 2003). These volcanic rocks are 

overlain by Campanian pelagic limestones (Akinci et al. 1984), and, in turn, are 

overlain by high-K andesites that continued into the Eocene (Bekta$ et al. 1999). No 

volcanic arc is present north of the Izmir-Ankara-Erzincan Suture Zone in the 

Central Pontides. 

The lower part of the Galatean Volcanic Province, known as the Saraçkoy 

Volcanic Suite is located about 80 km southwest of the area studied in the Central 

Pontides. This suite was radiometricaly dated at 76.4+2.4 Ma (Late Campanian; 

Kocyigit et al. 2003; based on two K-Ar rock dates of uncertain accuracy), and 

inferred to represent the rifting of an Upper Cretaceous forearc in a nascent 

extensional backarc setting. This was surprising since most of the Galatian Volcanic 

Province represents syn- to post-collisional magmatism of Oligocene-Miocene age. 
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The Sarackoy Volcanic Suite is similar in terms of both geochemistry and age to 

basalts within the Campanian-Maastrichtian Ikicam and Yaylacayi Formations. 

However, the Sarackoy volcanic suite is subaerial in contrast to the deep-marine 

setting of the Ikiçam and Yaylacayi Formations and may have originated in a 

southerly (distal) setting, possibly by supra-subduction zone rifting of an Upper 

Cretaceous forearc (Kocyigit et al. 1999). However, the Sarackoy Volcanic Suite 

could also be correlative with the Ikiçam or Yaylacayi Formations, possibly related 

to trench-retreat (rollback) and southward migration of the arc during latest 

Cretaceous time. 

Kilometre-thick sedimentary basins of latest Cretaceous to mid Eocene age 

(e.g. Haymana-Polath region, near Ankara (e.g. Kocyigit 1991) have in the past been 

interpreted as fore-arc basins related to northward subduction of Neotethys that 

persisted until mid Eocene time (Görür etal. 1984). However, there is little regional 

evidence of steady-state subduction after latest Cretaceous time, and it is possible 

that the Haymana-Polath Basin and other parts of the Central Anatolian Basin 

complex developed in a setting of incipient collision ("soft collision") prior to suture 

tightening ("hard collision") during late Eocene time (Clark and Robertson 2003, 

2005). 

6.1.2 Structure of the Izmir-Ankara-Erzincan Suture Zone 

In both the Eastern and Central Pontides each of the Upper Cretaceous units 

occupies a distinct structural position within the suture zone (Figure 6.3). The 

ophiolitic units in both the Central and Eastern Pontides occur towards the top of the 

south-vergent thrust stack. An exception is relatively small exposures in the south of 

the Eastern Pontide region, which could represent large tectonic blocks within the 

mélange. In both areas the inferred volcanic arc unit forms two thrust slices towards 

the middle of the thrust stack (Figure 6.3). The uppermost slice is more highly 

deformed than the lower slice. Metamorphic minerals and textures are better 

developed in the upper slice of the arc, although the same greenschist facies mineral 

assemblage is present in both slices of the arc. The ophiolitic mélange occurs 

throughout the thrust stack in both regions. Ophiolitic detritus is more abundant and 

the mélange appears to be thicker towards the south within the suture zone, at a 
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lower structural level within the south-vergent imbricate thrust stack (Yilmaz et al. 

1997). In the Central Pontides, thrust slices of the thick Upper Cretaceous, inferred 

marginal basin unit (Ikicam Formation) mainly occur towards the top of the 

structural pile. By contrast, the Upper Cretaceous sediments (Yaprakli Formation) 

that unconformably overlie the inferred arc unit (Yaylacayi Formation) occur at a 

lower level in the thrust stack. The thick Upper Cretaceous, inferred fore-arc basin 

succession in the Eastern Pontides (Sutpinar Formation), is also located at a low- to 

mid-level in the thrust stack, where it is tectonically imbricated with the volcanic arc 

unit and Tertiary post-collisional basin sediments. 

Schistosity and highly strained gneissose banding is seen in the metamorphic 

basement rocks within the Refahiye Complex (section 3.3.7). A variety of 

deformational structures (e.g. folds, tension gashes, stylolites) seen within blocks in 

the mélange are cut by faults that separate the blocks and by the shear fabric 

observed in the matrix, which commonly gives a top-to-the-north sense of motion. 

Within the ophiolites, a foliation and lineation are observed in serpentinised 

hartzburgitic tectonite (sections 3.3.1 and 3.3.2). In the Eastern Pontides this foliation 

dips to the north. In the Central Pontides the foliation is sub-vertical and strikes 

roughly N-S. The foliation in the peridotites is cut by faults and shear zones that 

indicate various kinematic directions. 

North-vergent thrust duplexes and a pervasive top-to-the-north shear fabric 

are observed in all of the Upper Cretaceous units within the suture zone. North-

vergent assymetrical folds exhibiting a variety of styles were also observed. 

Asymmetrical folds that appear to verge southwards were observed in overturned 

sedimentary successions. Way-up structures show that these folds locally face 

downwards and to the north and are interpreted as part of an inverted limb of a large 

north-vergent fold structure that has been dissected by later thrusts and strike-slip 

faults. 

The north-vergent structures are widespread and are commonly cut by top-to-

the-south thrusts and shear zones. North-vergent shear fabrics are seen to be folded 

and faulted by later top-to-the-south structures. North-vergent shear is commonly 

preserved within north-dipping thrust horses of top-to-the-south duplex structures. 
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not exhibit north-vergent deformational structures they constrain the timing of early 

north-vergent collision-related deformation evidenced by the underlying Upper 

Cretaceous units to being pre-mid Eocene. The Sipikör Formation exhibits a far a 

more simple structure than the polyphase-deformed Refahiye Complex below. The 

beds of the Sipikor Formation are folded into a series of south-vergent asymmetrical 

recumbent close to tight parallel folds between thrust faults at Mecidiye (Figure 3.3). 

Later top-to-the-south deformation therefore post-dates deposition of the Palaeocene-

Eocene Sipikor Formation. 

Subsequently, dextral and sinistral strike-slip faults cut all of the above 

structures. 

In summary, Upper Cretaceous ophiolites, accretionary mélange, volcanic arc 

and associated forearc and backarc basin sedimentary successions of the Izmir-

Ankara-Erzincan Suture Zone all exhibit pervasive north-vergent deformational 

fabrics related to their emplacement onto the Eurasian margin from the south. This 

emplacement-related north-vergent deformation is constrained by overlying 

sediments to a pre-mid Eocene age (48.6-37.2 Ma). The north-vergent deformation is 

contemporaneous with the southward emplacement of ophiolitic mélange onto the 

south Tethyan margin in the Munzur Mountains, Taurides and Central Anatolia 

(KirehirfNigde massifs). North and south directed deformation appear to have 

overlapped in time. South-vergent thrusting and folding occurred within the Izmir-

Ankara-Erzincan Suture Zone after mid Eocene time. The post-Eocene south-vergent 

compressional deformation is interpreted as a regional collision-related event ('hard 

collision'; Clark and Robertson 2002, 2005). Post-Early Eocene north-vergent 

structures are reported from northern areas of the Eastern Pontides (Robinson et al. 

1995; Rojay 1995). These structures may relate to deformation of the Black Sea 

province to the north. Deformational fronts are likely to have migrated. However, the 

units within the Izmir-Ankara-Erzincan Suture Zone clearly record an early pre-mid 

Eocene north-vergent compression and a later post mid Eocene south-vergent 

compression. Although south-vergent thrusts cut mid Eocene and younger strata the 

intensity of south-vergent deformation in the Upper Cretaceous rocks appears to be 

greater than is observed in the Eocene and younger strata. Pre-Eocene south-vergent 

deformation is therefore likely to have also occurred. 
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All of the above structures were transacted by strike-slip faults related to the 

Neogene North Anatolian Fault Zone. 

6.1.3 Summary of comparisons 

The IAES in the Central and the Eastern Pontide regions is composed of 

Upper Cretaceous-Lower Tertiary units that record the development of an 

accretionary complex, a rifted volcanic arc (with fore-arc basin), and a backarc basin 

(with sedimentary cover) during Campanian-Maastrichtian time (83.5-65.5 Ma). 

Ophiolites were emplaced southwards and northwards from the Izmir-Ankara-

Erzincan Suture Zone during Campanian-Maastrichtian time. North-vergent 

deformation predates deposition of shallow-marine and fluvio-deltaic sediments 

during Late Palaeocene (Thanetian; 58.7-55.8) to Mid Eocene (Lutetian; 48.6-40.4 

Ma) times. Structural data indicate that northward emplacement-related deformation 

occurred prior to south-vergent regional re-imbrication. South-vergent thrusts cut 

Eocene cover rocks, however, reactivation of pre-Eocene north-dipping thrusts is 

possible. 

The above comparisons indicate that there are sufficient similarities between 

the Upper Cretaceous-Early Tertiary tectonostratigraphy of the Central and Eastern 

Pontides, '400 km apart, to suggest that both originated in a similar overall tectonic 

setting along strike from each other (-600 km). 

6.2 Tectonic evolution of the northern Neotethyan Ocean 

6.2.1 Alternative models 

A simple tectonic model (Figure 6.4a), as envisaged by SengOr and Yilmaz 

1981, invoked a single N-dipping subduction zone consuming MOR-type Neotethyan 

oceanic lithosphere; this could generate the eastern Pontide volcanic arc and also 

provide a mechanism for southward ophiolite genesis as lithosphere was either 

trapped or newly formed behind the trench in a forearc location. Southward 

emplacement could have occurred during arc-trench collision. The main problems, 

however, are the lack of a viable mechanism to emplace the ophiolites and related 

units northwards onto the Eurasian margin and the lack of a continental margin 
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volcanic arc north of the suture zone in the Central Pontides (Ustaömer and 

Robertson 1997). 

A second model for the Central Pontides (Figure 6.4b) involved two 

contemporaneous subduction zones, one beneath the Pontide margin as in Figure 

6.4a, and another within the Neotethyan Ocean to the south, although its polarity was 

not specified (Tuysuz 1990); thus, the implications of this model for ophiolite 

emplacement are unclear. One problem with this model is the observed lack of Late 

Cretaceous arc volcanism north of the Izmir-Ankara-Erzincan Suture Zone in the 

Central Pontides (Ustaömer and Robertson 1997). 

A third model (Figure 6.4c) postulated a reversal of subduction direction 

(Okay and Sahinturk 1997): the SSZ ophiolites were generated above a south-dipping 

subduction zone and emplaced northwards onto the Pontides as a result of trench-

margin collision during Cenomanian-Turonian (93 Ma); subduction then flipped to 

consume remaining oceanic crust northwards beneath the Eurasian margin, creating 

the eastern Pontide magmatic arc. The main problems here are that the Neotethyan 

Kizilirmak Ophiolite and Refahiye Complex and the inferred backarc basin unit 

(tkicam Formation) occur to the north of the volcanic arc units within the suture zone 

in a structurally higher position. This model would, therefore, imply that the 

ophiolites represent the lithospheric basement of the intraoceanic forearc. However, 

geochemical and sedimentological data obtained during this study suggest that the 

ophiolites and associated thick sedimentary successions represent backarc basin 

lithosphere. Biostratigraphic data from the foredeep succession (Eskikoy Formation; 

inferred trench-margin collision facies) on the Pontides, to the north of the Izmir-

Ankara-Erzincan Suture Zone and also in the Taurides to the south (Ayikayasi 

Formation) suggest that northward emplacement onto the Pontide basement did not 

significantly predate emplacement onto the Munzur Platform to the south, as 

suggested by this model. Okay and $ahinturk' s (1997) model also suffers from the 

lack of any volcanic arc in the Central Pontides and the fact that Upper Cretaceous 

volcanic rocks are not seen overlying the ophiolite in the Eastern Pontides. 
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Figure 6.4. Alternative tectonic models for the Late Cretaceous-Early Tertiary 

development of the Izmir-Ankara-Erzincan Suture Zone. a) single north-dipping 

subduction model with a single continental margin arc (Bergougnan 1975; Yilmaz 

1980; Kocyiit 1991; Rojay 1995); b) double subduction model with continental and 

intraoceanic arcs (Tuysuz 1990, 1995); c) trench-margin collision model with 

subduction polarity reversal (Okay and $ahintürk 1997); d) single subduction zone 

model with slab rollback (Ustaömer and Robertson 1997; Kocyigit et al. 1999). 

In a further altrnative (Figure 6.4d), Neotethyan oceanic crust was subducted 

northward related to opening of a marginal basin; this basin later collapsed and 

ophiolites were emplaced northwards onto the Pontide margin (Ustaömer and 

Robertson 1997). However, the timing was not clearly specified and the relationship 
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between continental collision, northwards emplacement and southwards 

emplacement of ophiolites from the Izmir-Ankara-Erzincan Suture Zone was not 

known. 

6.2.2 Proposed new mode! 

The interpretation which best fits the new data obtained during this study is 

shown in Figure 6.5a. Northward subduction is seen as initiating adjacent to the 

Eurasian margin, leading to the construction of a marginal volcanic are in the Eastern 

Pontides during Late Coniacian-Santonian time (Yilmaz et al. 2003). The lack of 

volcanism in the Central Pontides could reflect locally strike-slip dominated oblique 

convergence (similar to present day Costa Rica or California; UstaOmer and 

Robertson 1997). Alternatively, the northernmost arc (located on the continental 

margin in the East) may have been located offshore in the Central Pontides, related to 

an irregular palaeogeography of the Pontide margin (with embayments and 

promontories), low angle subduction as in the andes or the arc trending at an angle 

(rather than parallel) to the Pontide margin. A backarc basin rifted along the south-

Eurasian margin within the Pontide basement, explaining the inclusions of 

metamorphic rocks within the ophiolite in the Eastern Pontides. This extension could 

have been caused by trench retreat/slab rollback. (Figure 6.5b-c). Accretionary 

mélange and ophiolites were emplaced southwards when the subduction trench 

collided with the Tauride continental margin (Munzur Platform) in Campanian-

Maastrichtian time (83-65 Ma; Figure 6.5d). At roughly the same time the marginal 

basin, located to the north, is assumed to have subducted southwards to explain the 

northward ophiolite emplacement onto the Pontide basement. This is compatible with 

seismic tomographic studies that have revealed a large S-dipping high-Q body 

beneath the region (Koulakov et al. 2002). However, evidence from other parts of the 

Pontides point to a much later northward thrusting event, i.e. during Palaeocene to 

Early Eocene time (Okay and Sahinturk 1997) or even post-Mid Eocene time (Rojay 

1995). It is possible that the front of north-vergent deformation migrated northwards 

during early collision. Finally the entire thrust stack was re-imbricated southwards 
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Izmir-Ankara-Erzincan Suture Zone. 

- 

during pervasive thick-skinned continental collision after mid Eocene time (Figure 

6.5e). 
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The following Late Cretaceous-Early Tertiary stages of tectonic development are 

envisaged: 

Cenomanian-Turonian: Neotethyan oceanic crust was subducted northwards 

beneath the Eurasian continental margin, represented by the Pontide 

metamorphic basement. 

Santonian-Campanian: A volcanic arc was constructed, bordering the 

Eurasian continental margin. Subduction zone roll-back triggered backarc 

rifling, giving rise to subduction-influenced volcanism and minor alkaline 

volcanism. With continued subduction zone retreat, a backarc marginal basin 

opened, floored by oceanic crust and overlain by redeposited terrigenous, 

volcaniclastic and pelagic sedimentary rocks. Metamorphic basement was 

incorporated into the marginal basin crust during rifling. Are volcanism 

continued in an outboard oceanic location, removed from any source of 

terrigenous sediment. A frontal accretionary prism developed that was 

composed of pelagic sediments, oceanic crust (e.g. serpentinite) and detached 

seamounts (e.g. basalt-limestone). Deep-water pelagic and volcaniclastic 

sediments accumulated in an associated fore-arc basin. 

Late Maastrichtian: The Tauride continent (Munzur and Kirsehir Platforms) 

reached and then collided with the Pontide subduction trench. With continued 

convergence the leading edge of the Tauride continent entered the trench and 

the accretionary complex, ophiolites and fore-arc basin were thrust 

southwards over the collapsed platform margin. The fore-arc basin shallowed 

and filled. This collision, in turn, triggered southward subduction of the 

marginal basin creating additional accretionary mélange. This subduction 

zone then collided with the Pontide margin and the ophiolite and mélange 

were thrust northwards onto the Eurasian margin. 

Palaeocene-Early Eocene: Subduction halted; the former fore-arc basin 

completely filled, with the accumulation of shallow-marine and non-marine 

sediments. The emplaced oceanic units were also transgressed by shelf-depth 

carbonates (Nummulitic limestones). There is no record of subduction 

continuing in the Central and Eastern Pontides during this time. Northward 

thrusting during this time is reported from other areas in the north of the 
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Pontides but is not recorded in the areas studied here, suggesting northward 

migration of the deformation front following initial collision. 

Mid Eocene: Suture tightening resulted in crustal thickening and southward 

imbrication of the entire accretionary allochthon to produce the present-day 

S-vergent thrust stack. 

Oligo-Miocene: The suture zone was largely emergent during Oligocene time 

then was transgressed by shallow-water carbonates during the Miocene. Plio-

Quaternaiy time saw left-lateral displacement of segments of the suture zone 

by up to 80 km in both the Central and Eastern Pontides along the North 

Anatolian Fault Zone. 

6.3 Modern and ancient examples of comparable tectonic processes. 

The Pontide units described here can usefully be compared with a range of 

modern and ancient convergent margin settings, including accretionary prisms, arcs 

and backarc basins. The mélange is comparable to accretionary mélanges, 

specifically those associated with ophiolite emplacement e.g. Upper Cretaceous 

mélange, Oman (Searle and Cox 1999) or retreating active continental margins e.g. 

Fransiscan Complex, U.S.A. (e.g. Cloos 1982; Robertson 2002). The inferred arc 

units are comparative to the Dras-Kohistan arc (Robertson and Degnan 1994; Clift et 

al. 2002) and the associated Shyok backarc basin formation in the Himalayas 

(Robertson and Collins 2003). However, the Dras-Kohistan arc appears to have 

formed in a more oceanic setting. 

Specific comparisons can also be made with several modern backarc basins 

(e.g. Japan Sea; Bransfield Straits, S Atlantic), and also ancient backarc basins (e.g. 

Western USA; Eastern Mediterranean and Southern Andes). 

Eastern Mediterranean examples are relevant in view of their proximity and 

value for regional synthesis. The Upper Palaeozoic-Early Mesozoic Küre marginal 

basin in the Central Pontide "basement" (Figure 6.6) opened by rifling of the 

Eurasian continental margin in response to inferred northward subduction (Ustaömer 

and Robertson 1991, 1997), and later collapsed by southward underthrusting when a 

small rifled continental fragment (Kargi Complex) arrived at the trench prior to Late 

Jurassic time (Figure 1.10). During its emplacement the Küre backarc ophiolite was 
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dismembered and is preserved as thrust sheets and detached blocks within an 

accretionary complex. The ophiolitic extrusives are of near-MORB composition, 

with a small negative Nb anomaly (Ustaömer and Robertson 1999). 

In addition, further west, in northern Greece, the Guevgueli ophiolite rifted 

along the Eurasian margin during Mid-Late Jurassic time (Bébien et al. 1989; see 

Robertson 2002 for review). This ophiolite retains primary magmatic contacts with 

metamorphic country rocks that are correlated with the Eurasian basement. The 

ophiolitic extrusives are mainly of MORB-type but locally show a minor subduction 

influence. The backarc ophiolite was bordered on its oceanic side by a rifted 

continental fragment, capped by a Jurassic magmatic arc (Brown and Robertson 

2003). 

In detail, the Guevgueli ophiolite in northernmost Greece formed during 

Jurassic time above an eastward subducting Almopias (Vardar) ocean as a backarc 

basin adjacent to the Serbo-Macedonian margin (Brown and Robertson 2002). The 

ophiolite, together with a volcanic arc unit (Paikon Massif) are preserved within the 

Vardar suture zone as relatively autochthonous units (Robertson 2004). The 

Guevgueli ophiolite and the Paikon Massif exhibit contact metamorphism with 

adjacent continental crust of the Serbo-Macedonian zone, ruling out an intraoceanic 

origin (Brown and Robertson 2002). The Vardar suture forms a Lower Tertiary west-

vergent thrust stack. Ophiolites were emplaced westwards from the Vardar oceanic 

basin during Late Jurassic time due to trench-margin collision (Brown and Robertson 

2002). It is unclear when the Vardar oceanic basin finally closed (during Late 

Cretaceous-Early Tertiary time). Strike-slip tectonics associated with oblique 

convergence played a role in the preservation of the Guevgueli ophiolite (Bebien et 

al. 1982). 

The Guevgueli ophiolite appears to have formed in a similar tectonic setting 

(during Jurassic time) as the Refahiye Complex and Kizilirmak Ophiolite of the 

Pontides. The Jurassic Paikon Massif is comparable to the Upper Cretaceous 

volcanic arc units in the Pontides (Karadag and Yaylacayi Formations) in terms of 

the tectonic setting of its formation. However, the Jurassic ophiolites and volcanic 

arc units of the Vardar suture zone could be of Corilleran type if their emplacement 

pre-dates final closure of the Vardar ocean. However, these ophiolites do not appear 
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to have been tectonically obducted and the timing of final closure of the Vardar 

ocean is uncertain. Therefore, it is unclear how the mode of their emplacement 

compares to that of the Upper Cretaceous ophiolites in the Pontides which were 

emplaced during collision between the Karadag-Yaylaçayi are and the Tauride-

Anatolide platform in latest Cretaceous time. 

The Guleman, Bent and, Ispendere ophiolites in southeast Turkey formed in a 

southerly strand of Neotethys above a north-dipping subduction zone. These SSZ 

ophiolites were accreted to the northern active margin of southern Tethys during 

latest Cretaceous time (Hall 1976; Akta and Robertson 1984). Upper Cretaceous 

arc-related plutons cut the ophiolites and the Tauride Platform, indicating that 

southern Neotethys continued to subduct northwards after their emplacement 

(Yazgan and Chessex 1991; Parlak et al. 2001). Their mode of emplacement is not 

yet well documented. It is generally believed that the southerly Neotethys was 

subducted northward, so that their emplacement onto the northerly active margin 

may require a model similar to the Cordilleran model exemplified by the Rocas 

Verdes ophioiltes of the Andes (section 6.3) as their emplacement appears to pre-date 

final closure of the south Neotethyan Ocean (Yilmaz 1993; Robertson 1998; Parlak 

et al. 2001). Therefore, it appears that the mode of their emplacement is not related to 

collision and is not comparable to the Upper Cretaceous ophiolites in the Pontides. 

The closest example of ophiolite emplacement onto a northely active Tethyan 

margin during arc-continent collision in a similar way to the Upper Cretaceous 

ophiolites of the Pontides is the Triassic to Lower-Mid Jurassic KUre Complex and 

çangaldag arc, located in the Central Pontides north of the main Izmir-Ankara-

Erzincan Suture Zone. The Küre Complex comprises a thrust-imbricated stack of 

siliciclastic sedimentary rocks and slices of dismembered ophiolite (Ustaömer and 

Robertson 1997). The ophiolite can be reconstructed as a sequence beginning with 

serpentinised peridotite at the base, overlain by layered cumulate gabbros, isotropic 

gabbro, 100% sheeted dyke complex, pillows and, hemipelagic sedimentary rocks 

(UstaOmer and Robertson 1997). Associated sedimentary rocks include black shales. 

The immobile element geochemistry of 
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Figure 6.6. Simplified geological map of the northern Central Pontides, showing the 

main tectonic units (modified after Tuysuz 1990; Ustaömer and Robertson 1997). 

the basalts indicates MOR and island-arc tholeiite (IAT) compositions implying a 

supra-subduction zone eruptive setting (Ustaömer and Robertson 1997). Cr# (Cr/(Cr 

+ Al)) ratio of chrome spinels is >0.60, which also indicates a suprasubduction zone 

setting (Ustaömer and Robertson 1997). Sedimentary rocks depositionally overlying 

the Kure ophiolite include black shales, volcaniclastic sedimentary rocks and 

terrigenous sandstones interpreted as the northern sedimentary apron of a related 

volcanic arc unit located to the south (cangaldag arc; Ustaömer and Robertson 

1997). 

Shear zones and thrusts within the Mire Complex mainly dip southward and 

indicate north-vergent overthrusting. North-vergent, north facing tight, asymmetrical 

folds, also indicate top-to-the-north compressive deformation (Ustaömer and 

Robertson 1997). These structures are related to northward emplacement of the Küre 

Complex during Late Jurassic time (Ustaömer and Robertson 1997). 

The cangaldag arc and the Mire ophiolite are interpreted as a volcanic are 

and backarc, respectively that developed through rifting of the Eurasian active 
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margin above a north-dipping subduction zone, which consumed Palaeotethyan 

oceanic lithosphere during Late Palaeozoic-Early Mesozoic times (Ustaömer and 

Robertson 1997). A small rifled continental fragment or non-volcanic seamount 

overlain by carbonate platform and slope sedimentary rocks (Kargi Complex) 

collided with the trench during Late Permian to earliest Triassic time (Ustaömer and 

Robertson 1997). This collision caused the Küre marginal basin to subduct 

southwards beneath the cangaldag arc between Early Triassic and Late Jurassic time 

(Ustaömer and Robertson 1997). Following closure of the Küre marginal basin the 

Eurasian margin stabilised. Deformation was followed by development of a passive 

margin carbonate platform (Figure 1.10; Sengor and Yilmaz 1981; Yilmaz et al. 

1997). 

In this model final emplacement of the KUre backarc ophiolite in the Late 

Jurassic occurred '90 m.y. later than the inferred accretion of the Kargi continental 

seamount at the trench. In contrast, the Upper Cretaceous ophiolites in the Pontides 

(Refahiye Complex and Kizilirmak Ophiolites) were emplaced synchronously with 

the collision of the volcanic arc with the Tauride-Anatolide platform in Campanian-

Maastrichtian time. This suggests a much more delayed process of final ophiolite 

emplacement onto the Eurasian margin as a response to blocking of the trench during 

the Triassic-Jurassic than in the Late Cretaceous. A possible reason is that pre-

Jurassic events were associated with only partial closure of Tethys, whereas the Late 

Cretaceous tectonics relate to final closure of Tethys and onset of continental 

collision. 

Circum-Pacific examples are especially relevant. In the western USA the 

Jurassic Josephine marginal basin rifted along a pre-existing accretionary margin, 

similar to the Pontides, during Mid-Late Jurassic time. The backarc basin was 

bordered on its oceanward side by an active arc (Chetco arc). The backarc crust was 

overlain by mainly terrigenous, but locally volcaniclastic, sediments (Galice). This 

marginal basin closed, oceanwards, beneath the arc, resulting in the emplacement of 

the oceanic basement as the Josephine ophiolite (Harper 1984). 

Of particular interest is the Rocas Verdes mafic complex (Sarmiento and 

Tortuga ophiolites) of Late Jurassic to Early Cretaceous age in southern Chile 

(Dalziel et al. 1974; Weaver 1979; Keller and Fisk 1992; Stern and de Wit 2003). 
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This comprises discontinuous exposures of deformed gabbros, sheeted dykes and 

pillow basalts (>3 km thick), interpreted as deformed and uplifted (but relatively 

autochthonous) marginal basin crust. The pillow basalts are overlain by cherts in 

addition to tuffs and elastic sediments that were derived from the Mesozoic 

magmatic arc to the southwest and the continental platform to the northeast (Daiziel 

et al. 1974; Stern and De Wit 2003). The ophiolites overlie a metamorphic basement, 

similar to the Eurasian basement in the Pontides, composed of previously accreted 

units. The Andean ophiolites formed between Palaeozoic basement to the east and 

the roots of a Lower Cretaceous andesitic arc to the west (Patagonian Batholith). The 

ophiolitic rocks locally intrude metamorphic basement, supporting an intra-

continental rift origin (Daiziel et al. 1974). Deformational structures within the 

Andean ophiolites indicate eastward displacement, towards the continental interior. 

N-MORB normalised trace-element patterns from the ophiolitic basalts (Sarmiento 

and Tortuga) show an enrichment in large ion lithophile elements (LILE) relative to 

high field strength elements (HFSE) and a negative Nb anomaly, suggestive of a 

subduction influence. However, Th, Ce or P peaks, indicative of calk-alkaline 

magmatism, are absent. On the Zr-Ti/ 100- *3  diagram (Pearce and Cairn 1973) 

these basalts plot in the combined ocean-floor, island-arc and calk-alkaline basalts 

field. 

A model of formation and emplacement of the Rocas Verdes ophiolitic 

complex is shown in Figure 6.7. The formation of the Patagonian batholith, located 

at the southwestern edge of the Rocas Verdes Basin, was contemporaneous with the 

formation of the ophiolites and represents a rifted magmatic arc equivalent to the 

volcanic arc units in the Izmir-Ankara-Erzincan Suture Zone. However, the batholith 

appears to have no large plutonic equivalent in the Izmir-Ankara-Erzincan Suture 

Zone. This could be due to lack of preservation, perhaps related to subduction 

erosion or collision-related processes, or it could indicate that a mature magmatic arc 

never developed in the north Neotethyan Ocean, indicating that subduction 

proceeded to a more mature stage in the Andes than in the Izmir-Ankara-Erzincan 

Suture Zone. In the southern part of the Rocas Verdes Complex basalts of the 

Tortuga ophiolite have a MORB-like geochemistry (Keller and Fisk 1992; Stern and 

de Wit 2003). This is indicates that a wider backarc basin (>100 km) developed in 
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the south than in the north (Stern and de Wit 2003). The Rocas Verdes Complex is, 

therefore, interpreted as "remnants of the progressive stages of development of 

oceanic-type crust in a continental backarc extensional tectonic environment" (Stern 

and de Wit 2003). The northern Rocas Verdes ophiolites (Sarmiento Complex) that 

may represent a narrow backarc rift exhibit abundant plagiogranites and 

trondjhemites, whereas the southerly ophiolites (Tortuga Complex) that apparently 

developed into a wide rifted basin lack these units (Stern and de Wit 2003). 

Similarly, in the Pontides, the Refahiye Complex in the east exhibits abundant 

plagiogranites together with metamorphic host rocks while the ophiolites further 

west in the Central Pontides (Kizilirmak Ophiolite) do not. This may indicate that 

backarc rifting was more extensive in the Western Pontides during the Late 

Cretaceous. 

Closure and uplift of the basin occurred during mid Cretaceous compression 

with top-to-the-east vergence (i.e. toward the continental interior; Figure 6.7; 

Halpern 1973; Cunningham 1995). This appears to be comparable to the mechanism 

of emplacement inferred for ophiolites in the Pontides (Figure 6.5). However, the 

mid Cretaceous compressive event in the Andes was not associated with any 

continental collision and the Pacific plate still continues to subduct eastwards 

beneath the Andes. The Rocas Verdes ophiolites are a classic example of a 

Cordilleran-type ophiolite. 
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Figure 6.7. Sequential sections showing the Mid-Jurassic to Late Cretaceous formation 

and collapse of the Rocas Verdes backarc basin (after Dalzie! (1974), Bruhn etal. 

(1978) and de Wit and Stern (1978, 1981, 2003). 

The suggested causes of emplacement of the Rocas Verdes ophiolite are 

varied. They include flattening of the angle of subduction as a result of either ridge 

subduction or a global increase in spreading and convergence rates (de Wit 1977; 

Dalziel 1986; Stem et al. 1991). The northeast-vergent overthrusting of the Rocas 

Verdes Complex, in addition to deepening of the Magellan forearc basin to the 

northeast and thick turbidite sequences within the Magellan Basin support a model in 

which the Rocas Verdes backarc basin was subducted westwards beneath the 

volcanic arc (Gealey 1980). If this was the case, then north-vergent emplacement-

related structures in the Pontides could imply that the Upper Cretaceous backarc 
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basin was subducted southwards beneath the volcanic arc during emplacement 

(Figure 6.5). 

One of the best exposed modern-day intra-continental marginal basins is the 

Bransfield Strait, South Atlantic. This is inferred to have formed by supra-subduction 

zone extension of the Antarctic continental margin and the development of a backarc 

spreading centre (Barker 1982). The arc magmatism is exposed on the South 

Shetland Islands, where the oldest extrusive rocks are mostly low-K, high-alumina 

basalts, basaltic andesites and low-silica andesites of Aptian age (Keller and Fisk 

1992). Cogenetic gabbros, tonalites and granodiorites are also exposed. Most 

samples dredged from the centre of the Bransfield Strait are olivine (F082  to F085)-

and plagioclase (Anfl  to An85)-phyric, vesicular basalts (Keller and Fisk 1992). 

Normalised trace element patterns of the basalts show an enrichment in LILE relative 

to HFSE and a negative Nb anomaly. On the Zr-Ti/100- *3  tectonic discrimination 

diagram (Pearce and Cairn 1973) the Bransfield Strait basalts plot in the combined 

field of ocean-floor, island-arc and calk-alkaline basalts. The basalts from Bransfield 

straits are transitional between island arc and ocean ridge basalts and, are 

geochemically similar to the samples from the Pontide ophiolites (sections 3.3.8.4 

and 5.3.3). 

In summary, the ancient and modern backarc marginal basins, summarized 

above, show some similarities with the proposed tectonic model for the Central and 

Eastern Pontides (Figure 6.5). One difference, however, is that the backarc rifling 

appears to have taken place along the southern periphery of the Eurasian Margin, 

rather than further inboard, as there is no evidence of any preserved rifled continental 

margin units (c. f. S Andes). However, the roots of the Upper Cretaceous volcanic 

arc are not exposed and it is possible that any rifted continental crust was removed by 

subduction-erosion or during collision. Tectonic erosion is also suggested by the 

presence of harzburgitic blocks in the mélange that may have been derived from the 

overriding SSZ plate. 

Oceanic subduction zones may either retreat (roll-back) towards the ocean 

(i.e. Mariana-type subduction; Uyeda and Kanamori 1979; Uyeda 1982) associated 

with an extensional stress field in the upper plate, or advance towards the hinterland, 

resulting in compression of the margin. Intra-oceanic trench retreat can accommodate 
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the opening of backarc basins (e.g. Mariana and Lau Basins). Several "retreating 

accretionary orogens" characterise the Western Pacific region; e.g. Mariana (Karig 

1971); Sea of Japan (Uyeda 1982); Scotia Sea (Saunders and Tarney 1979), and the 

Bransfield Straits (Dalziel et al. 974; Keller et al. 1992). Oceanward roll-back of a 

subduction zone lying adjacent to a continental margin can similarly accommodate 

opening of an intra-continental backarc basin (e.g. S Andean ophiolites). The S-

Andean marginal basin is inferred to have been inverted and deformed during mid-

Cretaceous time without physical collision with any other units. This deformation 

possibly took place in response to a flattening of the angle of subduction (de Wit 

1977), and/or an increase in seafloor spreading rates during the opening of the South 

Atlantic in mid-Cretaceous time (Rabinowitz and La Breque 1979; Dalziel 1986). 

A change from a retreating orogen to an advancing one could be triggered by 

various factors including; 1) changes in the properties of and/or forces acting upon 

the subducting lithospheric slab and a subsequent change to its angle of descent 

(Karig 1971; Uyeda 1982; Royden 1993); 2) changes in large-scale relative plate 

motions (Dalziel 1974; Smith in press); 3), lateral mantle flow (Flower 2003), or 4) 

motion of the continental plate toward the trench (Uyeda 1979; Saunders and Tarney 

1984). In the case of the Pontides, the inferred backarc rifling can be related to slab 

retreat as the north Neotethys was consumed beneath the Eurasian active margin. The 

northward emplacement can be related to collision of the Tauride continental margin 

(Kirehir and Munzur Dagi units) with an inferred north-dipping subduction zone 

during latest Cretaceous time ('-70 to 65.5 Ma) since the two events were roughly 

synchronous (Figure 6.5). In the Pontides the northward ophiolite emplacement was 

determined by the presence of an intraoceanic arc, which collided with the Taurides. 

Continued convergence resulted in northwards emplacement of the backarc rather 

than southwards emplacement of the volcanic arc over the Taurides. 
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6.4 Wider implications 

6.4.1 Role of the volcanic arc: Experimental work on preservation of 

volcanic arcs. 

It has been observed that suture zones commonly do not contain remnants of an 

oceanic volcanic arc (Boutelier et al. 2003 ). Thermo-mechanical analogue 

experiments have been used to investigate the preservation potential of intra-oceanic 

volcanic arcs during collision (Boutelier et al. 2003). The absence of preserved 

volcanic arc rocks within many suture zones may indicate amagmatic subduction 

(e.g. flat subduction in Chile), or that ocean basins were too small to lead to mature 

subduction and significant arc magmatism (Stampfli et al. 1998; O'Brien 2001). 

Boutelier et al. (2003) argue that, since oceanic subduction typically involves the 

formation of volcanic arcs their absence in many suture zones could imply that they 

have a low preservation potential. Numerical modelling and experimental results 

have simulated arc subduction (Chemenda et al. 2001; Tang et al. 2003; Boutelier et 

al. 2003). Subduction of the whole arc plate is shown to occur when an extentional 

subduction regime (i.e. 'Mariana type'; Uyeda 1979) goes into compression 

following the arrival of a continental margin at the trench (Boutelier et al. 2003). 

Transfer of compressional stress across the plate boundary leads to failure in the 

vicinity of the failed backarc spreading centre (Boutelier et al. 2003). In their 

experiments, the arc plate was then partially or completely subducted beneath the 

backarc. Boutelier et al. (2003) established that the arc may be partially or 

completely subducted depending on the size, density and strength of the arc crust, 

with thick, low density arc crust being more resistant to subduction. 

The thermo-mechanical analogue experiments did not result in collapse of the 

backarc beneath the arc, as is inferred for the Late Cretaceous evolution of the 

Pontides. In the experiments subduction of the arc plate occurred, whereas the model 

proposed for Pontides, based on field observations, involves southward subduction of 

the backarc plate (Eurasian plate; Figure 6.5); a feature shared with the observation-

based model for emplacement of the Jurassic KUre marginal basin complex in the 
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Pontides and, some models for 'Cordilleran' ophiolite emplacement, as applied to the 

Rocas Verdes ophiolites of the southern Andes (Chile; e.g. Gealey 1980). 

6.4.2 Role of the volcanic arc during early collision: continental 

subduction, 'hard' and 'soft' collision. 

In the proposed model for the evolution of the Izmir-Ankara-Erzincan Suture 

Zone collision of the volcanic arc (Yaylacayi and Karadag Formations) with the 

Tauride-Anatolide Platform resulted in closure of the backarc basin and northward 

emplacement of ophiolites during Campanian-Maastrichtian time (Figure 6.5). 

Roughly synchronous development of foredeep basins on both the southern and 

northern margins of northern Neotethys (Taurides and Pontides, respectively) can be 

related to the emplacement of ophiolitic units northwards and southwards from the 

Izmir-Ankara-Erzincan Suture Zone during Campanian-Maastrichtian time. These 

foredeep basins are interpreted as trench-margin collision facies, reflecting the arrival 

of the continental margin at a trench, and, therefore, represent the initial closure of 

Neotethys in latest Cretaceous time (at least in these areas). However, regional post-

mid Eocene south-vergent deformation is associated with collisional deformation. 

This implies a gap of at least 15 m.y. between initial closure of Neotethys and the 

onset of thick-skinned deformation resulting from continental collision. The initial 

closure of Neotethys during latest Cretaceous time was accompanied by extensional 

sedimentary basin development in some areas (e.g. Ulukila Basin, southern Turkey; 

Clark and Robertson 2002, 2005). The term 'soft collision' has been applied to this 

early oceanic closure (Clark and Robertson 2002), which is expressed in the Pontides 

as pervasive north-vergent folding and thrusting event of Campanian-Maastrichtian 

age. The later, Eocene phase of regional south-vergent thrusting and folding has been 

termed 'hard collision' (Clark and Robertson 2002). Thick-skinned 'hard' collision 

caused large-scale south-vergent reimbrication in the Pontides in post mid Eocene 

time. 

The arrival of continental lithosphere at a subduction trench does not 

necessarily immediately cause collisional deformation. Regard et al. (2003) 

distinguish an important phase of continental subduction from the onset of 

continental collision. Ultrahigh-pressure metamorphic minerals (e.g. coesite), 
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indicating pressures of —30-35 kbar within metamorphosed sedimentary successions 

that were deposited on former continental margins reinforce the idea of continental 

subduction (e.g. Chopin 1984; Ernst and Liou 2000). Blueschists in northwest 

Turkey (Okay 1984) indicate that high-pressure low-temperature metamorphism of 

continental crust occurred during closure of Tethys. The collisional process can be 

defined as the onset of shortening, by development of folds and thrusts, which 

initiates when horizontal compressional stress overcomes the strength of the 

lithosphere (Regard et al. 2003; Davy and Cobbold 1991). Where the contact 

between the two colliding plates was preceded by subduction of oceanic lithosphere, 

the horizontal compressional stresses must also overcome the slab-pull force if the 

lithospheric slab is still attached (Regard et al. 2003). Laboratory experiments were 

used to investigate the controls on the onset of collision (Regard et al. 2003). The 

results suggest that when the continental plate enters the trench there is no immediate 

tectonic or morphological response (Regard et al. 2003). Collisional deformation, 

marked by surface shortening and rapid shallowing of the trench, occurs when the 

trench begins to lock (Regard et al. 2003). Regard et al. (2003) showed that locking 

of the trench is controlled by the balance between slab-pull forces and compressive 

stresses (forced convergence). The implications of these results are that the amount 

of continental crust that will be subducted before the onset of continental collision 

occurs (i.e. 'hard collision') depends on the forces acting on the slab, the properties 

of the slab and, the convergence rates. These forces relate to slab break-off, 

deformation and phase changes. Another important implication of this is the size of 

the slab, i.e. the amount of oceanic lithosphere subducted prior to arrival of the 

continental margin at the trench. These processes have implications for the timing of 

oceanic closure relative to the timing of collisional deformation. In Turkey, this time 

lag appears to be --15 m.y.. 

However, other factors could influence the time between 'soft' and 'hard' 

collision, for example irregular continental margins between the Kirehir/Nigde 

massifs and the Pontides and Taurides, localised strike-slip controlled extrusion 

tectonics or development of transtensionallextensional basins in response to the 

adjustment of geometrically irregular microplates during early collision (Clark and 

Robertson 2002). 
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6.4.3 Ophiolites and oro genesis: local vs. global controls? 

Ophiolites were generated and emplaced in great abundance within discrete 

brief intervals of geological time (e.g,. Early Ordovician, Mid Jurassic, Late 

Cretaceous, Late Eocene). No equivalent process is known to be occurring on this 

scale today and there is no certain modern analogue for such extensive ophiolite 

development and emplacement (Robertson 2002, 2004). The creation and 

emplacement of ophiolites seems to occur in temporal pulses and many workers have 

related this to specific phases of drastic plate boundary reorganisation, or the 

generation of Large Igneous Provinces (e.g. Dilek 2003; Smith 2004; Robertson 

2002). Therefore, ophiolites appear to present a challenge to uniformitarianism. Are 

ophiolites indicative of some drastic global tectonic event or can their emplacement 

be controlled only by local tectonic processes? 

The 'Cordilleran' emplacement of ophiolites in the southern Andes during the 

mid Cretaceous was not a response to collision or terrane accretion (e.g. Dalziel 

1974). Instead, the cause of emplacement of these ophiolites has been variously 

related to a change in global spreading rates and opening of the South Atlantic 

(Dalziel 1981), the action of mantle diapirs (Stern and de Wit 2003), variations in the 

properties of the downgoing slab with time, or spreading ridge subduction (Dalziel 

1981, 1986; de Wit and Stern 1981; Storey and Alabaster 1991). Dalziel et al. (2000) 

suggested that plumes rising from the deep mantle could have caused flattening of 

the subducting lithospheric plate. Stern and de Wit (2003) noted that the backarc 

extension that led to development of the Rocas Verdes ophiolites overlapped in time 

with the major tectono-magmatic events in southwest Gondwana that led to the 

formation of Large Igneous Provinces (LIPs). 

Similarly, Smith (2004) notes that ophiolite creation and emplacement can be 

related to the motions of the surrounding continents and compares the timing of 

opening of the North Atlantic with the timing of ophiolite formation and 

emplacement in the Eastern Mediterranean region. At 75 Ma (Campanian) a change 

of relative plate motion between Afro-Arabia and stable Europe took place from 

roughly transform to convergent (Klitgord and Schouten 1986; Srivastava et al. 1990, 

Smith 2004). This was followed by a phase of very little motion until 50 Ma (Early 
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Eocene), after which convergence continued. Smith (2003) argues that the 

Cretaceous-Early Tertiary motion between Africa and stable Europe could have close 

linkages with ophiolite formation and emplacement in the Mediterranean region. 

Many authors have noted that where plate convergence rates are smaller than 

the rate of subduction, extension occurs in the upper plate (e.g. Karig 1971; Molnar 

and Atwater 1978; Dewey 1980; Uyeda 1981). This may eventually lead to supra-

subduction zone spreading or the development of an arc-backarc system. This 

relationship is of primary significance for the mode of subduction, orogenesis and 

ophioilte development (Molnar and Atwater 1978; Uyeda 1981; Royden 1993; 

Regard et al. 2003). 

Also, increased plate convergence rates have been attributed to the cause of 

ophiolite emplacement, particularly for Cordilleran-type ophiolites and as an 

explanation for the non-uniformitarian record of ophiolites in Earth history (e.g. de 

Wit 1977; Daiziel 1986; Stern etal. 1981; Robertson 2004). 

The very slow rate of convergence between Afro-Arabia and stable Europe 

during latest Cretaceous-Early Eocene time (Smith 2004) coincides with the 

formation of many SSZ Neotethyan ophiolites, including the Refahiye Complex and 

Kizilirmak Ophiolite in addition to the volcanic arc units within the Izmir-Ankara-

Erzincan Suture Zone. The negative buoyancy of old Neotethyan lithosphere is likely 

to have caused the rate of slab descent to exceed the regional convergence rate, 

causing slab roll-back and extension in the upper plate as has been inferred for 

Pacific regions and from experimental data (e.g. Molnar and Atwater 1978; Dewey 

1980; Regard et al. 2003; Royden 2003). 

When considering the trench-margin collision model for ophiolite 

emplacement, which is applicable to most Eastern Mediterranean ophiolites, it would 

appear fortuitous that the timing of drastic global plate motion reorganisation should 

be contemporaneous with the arrival of several continental margins at oceanic 

trenches. In the case of the Upper Cretaceous Refahiye Complex and Kizilirmak 

Ophiolite it appears that collision between the oceanic volcanic arc and the 

Anatolide-Tauride continent was contemporaneous with northward emplacement. 

The oceanic arc-passive margin collision could be seen as a local phenomenon 

controlling ophiolite emplacement. However, the apparent synchronicity of this event 
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with the emplacement of other ophiolites onto south- and north-facing margins of 

Tethyan ocean basins throughout the region suggests some larger scale control. 

In summary, it seems likely that ophiolite genesis occurred by SSZ spreading 

in Campanian-Maastrichtian time related to trench retreat during a period of very 

slow convergence between 75 and 50 Ma (Campanian-Eocene; Smith 2004). This 

was shortly followed by the arrival of the margins of continental blocks within 

Tethys at several oceanic trenches during latest Cretaceous (Maastrichtian) time. The 

apparent synchroneity of this event ('soft collision') suggests that the various oceanic 

basins were of roughly equal width and were consumed at a similar rate. Later, 

during the Eocene there was a rapid increase in the convergence rate between Afro-

Arabia and Europe (Livermore and Smith 1984). This led to the regional southward 

thrust imbrication ('hard collision'). 

In summary, because emplacement of Upper Cretaceous ophiolites in the 

Pontides was related to the arrival of the Tauride-Anatolide margin at the trench they 

cannot be considered as ideal 'Cordilleran' ophiolites. Their emplacement may not 

require a global-scale process of drastic plate motion reorganisation. 

6.44 Future work 

The model proposed here relies on the precise timing of events. More 

biostrati graphic data combined with isotopic dating of intrusive and extrusive rocks 

from the various units (Refahiye Complex, Kizihrmak Ophiolite, Karada, Ikicam 

and Yaylacayi Formations) could better refine the stratigraphy and timing of events 

and lead to a better understanding of the processes. 

A more detailed combined stratigraphic and structural investigation could test 

the interpretations of the thick sedimentary successions related to the volcanic arc 

(Sutpinar and !kiçam Formations). Combined with detailed provenance studies of 

heavy mineral grains the development of the suture zone during collision could be 

more confidently understood. 

The mélange units (Karayaprak Mélange and Kirazbai Mélange) contain a 

wealth of information about the Neotethyan lithosphere and the timing and tectonic 

environment of its subduction, which remains to be fully explored. Lithological 

association mapping of the mélange could help to establish whether there was one or 
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two subduction zones as proposed by Tuysuz (1990). Was a seperate accretionary 

complex formed during closure of the backarc basin or was all of the mélange 

derived from Neotethys? If the mélange represents a single accretionary complex, 

how did it become imbricated with both continental margins and the volcanic arc? 

Comparable areas are found in Central Anatolia (e.g. Rojay 1995; Ozden et 

al. 1998). North of Sivas; south-verging thrust slices of Cenomanian-Turonian 

ophiolitic mélange crop out between the Pontides to the north and the Taurides to the 

south (Ozden et al. 1998). In addition to ophiolitic mélange the thrust belt in the 

Sivas area contains units derived from the Northern Neotethys and from the margins 

of adjacent plates (Tekelidag Mélange, Mermer Formation, Toku Formation and 

Kizilalan units; Ozden et al. 1998). The Mermer Formation, described by Ozden et 

at. (1998) comprises a volcanic and volcaniclastic succession with intercalated 

carbonates of Late Cretaceous age and may be comparable to the volcanic arc units 

within the Izmir-Ankara-Erzincan Suture Zone in the Eastern and Central Pontides. 



"I. 
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7 Conclusions 

Northward subduction of Neotethys was probably initiated during Coniacian-

Santonian time (85.8 Ma) as evidenced by the earliest arc-related volcanism in the 

Pontides (Yilmaz et al. 2003). No continental margin arc developed in the Central 

Pontides north of the Izmir-Ankara-Erzincan Suture Zone, perhaps due to oblique 

convergence or flat subduction. 

Trench-retreat (slab roll-back) caused southward migration of the magmatic 

front and SSZ extension during Campanian-Maastrichtian time (-83.5-65.5 Ma), 

probably related to slow convergence between Afro-Arabia and stable Europe, and 

led to formation of the Kizihrmak Ophiolite and Refahiye Complex. Geochemistry 

of basic igneous rocks from the Kizihrmak Ophiolite and Refahiye Complex 

supports a backarc basin eruptive setting. Geochemical analyses from the volcanic 

arc units in the Eastern and Central Pontides (Karadag and Yaylacayi Formations) 

supports a volcanic arc origin. 

Thick sedimentary successions accumulated in deep-water environments in 

the backarc and forearc regions. Accretionary mélange developed above a north-

dipping subduction zone during the Late Cretaceous isolated from a continental 

margin. 

The southern margin of Eurasia subsided during Campanian time to form a 

flexural foreland basin. Slices of the backarc lithospheric plate, together with 

accretionary mélange were emplaced northwards over the Eurasian margin at this 

time. This deformational event led to north-vergent folding and thrusting of all the 

units within the Izmir-Ankara-Erzincan Suture Zone. 

The southern margin of northern Tethys (Tauride-Anatolide Platform) 

subsided during latest Cretaceous (Maastrichtian) time as it collided with the trench. 

Ophiolitic mélange was emplaced southward over the Tauride-Anatolide platform at 

this time. Shallow marine and fluvial deposition followed in Palaeocene-Mid Eocene 

time directly upon the amalgamated deformed Neotethyan units. 

South-vergent thrusting and folding reimbricated all the units after Mid Eocene time 

due to renewed regional compression. 



Data collected during this study support a model for the tectonic assembly of 

the Izmir-Ankara-Erzincan Suture Zone which involves emplacement of ophiolites 

onto the active continental margin of Eurasia during latest Cretaceous time, 

contemporaneous with arc-trench collision (a regional scale tectonic event). 

Therefore, the Neotethyan ophiolites in the Pontides do not fit the typical 'Tethyan' 

or 'Cordilleran' ophiolite models. Both regional and global tectonic processes 

contributed to the genesis and emplacement of these ophiolites. 
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Appendix 1: Biostratigraphy 

Part 1: Preliminary determinations 

Rock samples containing planktic and benthic microfossils were collected from the 

relevant units in the field areas for palaeontological analysis. The aim of this work 

was primarily biostratigraphic, i.e. to determine the ages of the relevant units. 

Secondly, the microfossils provide information about the environment of deposition, 

principally water-depth. 

Rock samples were cut into thin-sections and analysed by transmitted-light 

petrographic microscope for fossil content. The samples were commonly strongly 

recrystallised with fossils too poorly preserved for accurate determination. 

More than 100 photomicrographs were made of the well-preserved fossils in 

the slides and an attempt was made to identify each microfossil and assign a 

preliminary age to each sample and to each stratigraphic unit. This preliminary data 

is presented here with a selection of the photomicrographs. 

I Central Pontides 

Kirazbai Mélange 

(Sample) P002 23. (Location) Sivar (N Tosya). Limestone block. 

Globotruncana sp. 

P002 26. Akkaya (N Tosya, CP). Limestone block. 

Globotruncana sp. 

Amphistegina sp. 

Praeglobigerina sp., Upper Cretaceous 



file no. 25. Globotruncana-type microfossil in P002 26. 

P003 204. Kunduzlu (NE Bayat). 

Field description: thin-bedded pale shaly pelagic globotruncana?-bearing limestone 

interbedded with basaltic rudistic volcaniclastic debris-flow deposits and basaltic 

pillow-lavas. 

Globotruncana. 

P002 228. Soganlar (N Tosya). 

Field description: Pelagic limestone. 

Globotruncana-type and siliceous radiolarians in carbonate matrix. 

P002 231. Soganlar (N Tosya). 

Field description: shaly limestone. 

Globotruncana or Marginotruncana. 

P002 255. Karanlikdere Yayla (SE Tosya). 

Field description: Limestone. 

Siliceous radiolarians in micrite. Some replaced by calcite. 

Marginotruncana, Maastrichtian. 

Borelis melo? (Miocene!), or Pseudolituonella?, U. Cenomanian. 



P002 262. Akkaya (N Tosya). 

Field description: Pelagic limestone. 

Globotruncana/Marginotruncana-type. 

P002 76. Eldivan (SW cankiri). 

Field description: Pelagic limestone. 

Globotruncana 

Marginotruncana. 

P002 85. Eldivan (SW çankiri). 

Field description: Limestone. 

Eoruperita? Eocene. 

Morozovela, Eocene. 

Praeglobotruncana? Rotalipora? Cenomania. 

P002 86. Eldivan (SW cankiri). 

Field description: Limestone and replacement chert. 

Praeglobotruncana? Cenomanian. 

Morozovella aequa, Uppermost Palaeocene-Lowermost Eocene. 

P002 66. Korgun (N cankiri). 

Field description: limestone. 

Planomalina buxfordi? U. Albian. Tincinela? Albian. Conicospirillina? Berriasian. 

Eoruperita? U. Eocene. 

Morozovella, Palaeocene-Eocene. 

Globotruncana. 

P002 68. Yaprakh (NE cankin). 

Field description: Limestone. 

Amphistegina? 



P002 23. Sivar (N Tosya). 

Field description: Pelagic limestone. 

Globotruncana-type. 

P002 26. Akkaya (N Tosya). 

Field description: Limestone. 

Globotruncana-type. 

P002 36. Saraycik (NE Kargi, CP). 

Field description: shale and mudstone. 

Globotruncana. 

ikicam Formation 

P003 218. Yukariberçin (N Tosya). 

Field description: volcaniclastic turbiditic sandstone with coarse feldspathic 

interbeds, 

Petrographic description: poorly-sorted angular calcareous quartzofeldspathic 

sandstone/greywacke. 

Angular small non-diagnostic planktonic forams. 

Globotruncana-type. Santonian-Maastrichtian, Basin facies. 

Globotruncana,? Santonian-Maastrichtian, Basin facies. 

P003 211. Yukariberçin (NW Tosya). 

Field description: Hard fine shaly volcaniclastic limestone, slaty cleavage. Interbeds 

of dark volcaniclastic sandstone and conglomerate. Associated with rudistic 

volcaniclastic debris-flow deposits. 

well-preserved U. Cretaceous(?) planktonic forams of Globotruncana-type. 

Planktonic foram (Globotruncana?) 

Globotruncana. linneina (?) Campanian? 



file no. 145 

P002 33. Aagikaya (SW Tosya). 

Field description: Calciturbidite (with lavas). 

Marginotruncana, Coniacian-Santonian? 

P002 193. cukurban Yayla (SE Tosya). 

Field description: Calcareous volcaniclastic sandstone. 

Globotruncana or Marginotruncana? U. Turonian-Lower Coniacian. 

Globotruncana or Marginotruncana? U. Turonian-Lower Coniacian. 

P002 197. Ekincik (N Tosya). 

Field description: shale. 

Globotruncana. 

Marginotruncana, U. Turonian-Lower Coniacian. 

Heterohelicidae, Mid-Upper Maastrichtian. 

P002 198. Ekincik (N Tosya). 

Field description: shale. 

Heterohelicidae & Marginotruncana? 

Glootruncanidae, Maastrichtian. 



P002 218. Ilisilik (SW Tosya). 

Field description: silty pelagic limestone. 

Petrographic description: coarse fragmenary bioclasts in micrite matrix. 

Heterohelicidae, Globotruncana, Milliolidae, A mphistegina, algae. 

P002 72. Ilisihk (SW Tosya). 

Stratigraphic unit: Kodag sediments Unit. 

Field description: Limestone. 

Marginotruncana? 

P002 51. Ekincik (N Tosya). 

Field description: Mudstone. 

Heterohelicidae. 

Globotruncana gansseri and another, Maastrichtian. 

file no. 30. Gansserina gansseri (BOLLI) in P002 51. 

Yaylacayi Formation 

P002 10. Seki (N Iskilip). 

Field description: Limestone. 



Globotruncana. 

file no. 20. Globotruncana sp. in P002 12 

P002 12. Seki (N Iskilip). 

Field description: Red limestone. 

Globotruncana. 

Marginotruncana. 

Whiteinella. 



file no. 21. Globotruncana in P002 12. 

P002 129. Seki (N Iskilip). 

Field description: Pelagic limestone. 

Globotruncana. 

P002 143. Iskilip 

Field description: Limestone. 

Globotruncana stuarti, Maastrichtian. 

Marginotruncana. 



file no. 47. Globotruncana stuarti (LAPPARENTI) in P003 143. 

P002 145. Iskilip 

Field description: Limestone. 

Praeglobotruncana? Cenomanian. 

Marginotruncana, Coniacian-Santonian. 

Marginotruncana, Coniacian-Santonian. 

file no. 28. Recrystallised Globotruncana-type microfosils in P002 45. 



P002 45. Hacibrahim (E Tosya). 

Field description: shale. 

Recrystallised Globotruncana-type. 

Yaprakil Formation 

P002 173. Yaprakli (NE cankiri). 

Field description: Limestone. 

Globotruncana. 

Kadikizi Formation 

P002 226. Kadikizi (N Tosya,). 

Field description: numulitic limestone. 

Nummulites, Eocene. 

Discocyclina, Mid, Eocene. 

P002 227. Kadikizi (N Tosya). 

Field description: Numulitic limestone. 

Nummulites, Discocyclina, Milliolidae and Heterohelicidae. 

2 Eastern Pontides 

Ayikayasu Formation 

P003 69. Muratboynu (S Erzincan). 

Field description: calcirudite (matrix). 

Petrographic description: coarse peloidal/oncoidal calcarenite packstone with 

angular lithiclasts of radiolarian chert and deformed radiolarian micritic limestone. 

Benthic Miliolina and large forams. 

Debarina hahounerensis, Lower Aptian, or Ovalveolina reicheli, U. Aptian. 

Pseudo lituonella reicheli? Upper Cenomanian. 

P003 68. Muratboynu (S Erzincan). 



Field description: massive pelagic limestone with Globotruncana. 

Petrographic description: fine micrite with rare bioclasts. 

?Jurassic Positova, benthic Miliolinid (shalow water facies). 

Globotruncana. 

Karayaprak Mélange 

P003 90. cerpacin Yayla, (W Erzincan). 

Field description: Pink pelagic limestone associated with lavas. 

Petrographic description: sheared fossiliferous micritic limestone. 

dateable planktic forams. 

Globotruncanidae, Maastrichtian, Basin facies. 

Heterohelicidae, Maastrichtian, Basin. 

Morozovella Subbotinae, Lower Eocene, Basin facies. 

Globotruncana, Maastrichtian. 

Globotruncanidae?, Turonian? 

file no. 91. Globotruncana linneiana in P003 90 

P003 38. Balli (W Erzincan). 

Field description: pink pelagic limestone. 

Petrographic description: fine-grained deformed micritic bioclastic marble. 



Marginotruncana? 

Globigerinello ides, Albian-Maastrichtian. 

Karada§ Formation (Late Cretaceous 

P003 115 Bilkoç (S Erzincan). 

or K6dag/Yay1acayi arc Unit. 

Field description: Pink calcareous schist and pelitic schist associated with arc 

volcanics. 

?palaeocene planktonic Globigerinids. 

Tincinella or Planomalina, Albian, Basin facies. 

Globigerinid, Upper Albian. 

Sakesaria, Upper Palaeocene. 

Sütpunar Formation 

P003 30. çevizli (W Erzincan). 

Field description: fossiliferous calciturbidites. 

Petrographic description: wackestone. 

Pithonella Ovalis, Coniacian. 

Globotruncana. (maastrichtian?). 

file no. 70. Globotruncana stuarti (DE LAPPARENT) in P003 30. 



P003 116. Bilkoç (S Erzincan). 

Field description: Nummulitic Limestone unconformable on Late Cretaceous 

calcareous schist (115). 

Upper Palaeocene-Lower Eocene planktonic forams 

Nummulites (& amphistegina), Mid Eocene. 

Morozovella (?velascoensis), Upper Palaeocene. 

Assilina, Lower Eocene. 

Eoruperita, U. Eocene. 

Assilina?/Amphistegina? 

Amphistegina? 

Alveolina, Mid Eocene. 

file no. 105. Amphistegina sp. in P003 116. 

P003 117. Giyabey Yurdu (S Erzincan). 

Field description: Coarse algal bioclastic limestone with benthic forams ulc on 

mélange. Same lithology as P003 135. 

rhodoliths, pectin, bryozoan bioclasts. 

Lepidocyclina, Upper Oligocene? Upper slope/shelf edge facies. 



P003 12 1. Giyabey Yurdu (S Erzincan). 

Field description: Nummulitic calcarenite with siliceous clasts. 

Nummulites, Mid Eocene. 

Morozovella? 

Europerita, Upper Eocene. 
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file no. 119. Vum1nuIitiLlae europerita in P003 121. 

P003 138. Ahir (W Erzincan). 

Field description: Shaly limestone. 

Petrographic description: very fine pelagic limestone. 

Rotalipora. 

P003 139b. Ahir (W Erzincan). 

Lower Tertiary Globigerinids. 

P003 139c. Ahir (W Erzincan). 

Field description: very fine pelagic limestone. 

Glob igerinidae. Lower Tertiary 

P003 153. Gokkaya (SW Erzincan). 



Field description: Pelagic limestone with turbiditic sandstone interbeds. 

Reworked large (shallow-facies) forams and pelagic forams, U. Palaeocene-Lower 

Eocene. 

Planorotalites, U. Palaeocene. 

Mozorovella spinulosa?, Mid Eocene. 

valvulininae, Eocene. 

Eoruperita?/melobesiae? U. Eocene 

file no. 123: Mozorovella aragonensis (NUTALL) in P003 153 



file no, 122. Globigerinidac in P003 153 

P003 155. Gokkaya (SW Erzincan). 

Field description: Pelagic limestone with shale/siltstone and thin turbiditic sandstone 

interbeds. 

U. Palaeocene-Lower Eocene Planktonic deep-water Globotruncana. 

Planktic Morozovella, Globigerinathika or Planorotalites? U. Palaeocene. 

Melobesiae, U. Eocene? 

P003 156. Gokkaya (SW Erzincan). 

Field description: Nummulitic limestone. 

Well preserved diagnostic Eocene forams. 

Europerita or Operculina? U. Eocene? 

Praerhapydionina (Lower Palaeocene)? Or Operculina (Eocene)? 

Amphistegina, Eocene-Oligocene. 



file no. 130: Amphistegina in P003 156 

P003 175. Gokkaya (SW Erzincan) 

Field description: Fine pelagic limestone with thin interbeds of dark volcaniclastic 

shale, shaly limestone and turbiditic quartzofeldspathic calcarenite. 

Petrographic description: sheared, rediposited pelagic sediment. 

Palaeocene-Eocene(?) planktonic forams. 

Globotruncana. 

P003 57. Giyabey Yurdu (S Erzincan). 

Field description: coarse bioclastic wackestone with bivalve fragments, forams 

(nummulites-type and globotruncana. 

Petrographic description: fossiliferous touchstone, micritic matrix. 

Benthic & planktic Forams, detrital fragments, milliolinids. 

A mphistegina. 

Glomalveolina. Primaeva. Palaeocene. 

Morozovella, Palaeocene-Eocene. 

P003 99. ceacin Yayla, (W Erzincan). 

Petrographic description: fossiliferous micritic 1st. 



Large benthic forams, non-age determinative milliolinids indicate open shelf facies. 

Dateable planktonic forams. 

Borelis melo, Mid Miocene, or Alveolina, Palaeocene. 

Coskinolina, Palaeocene-Early Eocene, Inner shelf facies. 

Planorotalites? 

Heterohelix, Maastrichtian. 

file no. 96. Boris melo in P003 99 

P003 86 Bahçeli (W Erzincan). 

Field description: pelagic globotruncana-bearing limestone. 

Petrographic description: micrite. 

Lower cretaceous Calpionellids, radiolarians. 

Stomiospaera sphaerica or Calcisphaerula innominata, Lower Turonian. 

Pithonella ovalis, Coniacian. 

Sipikor Formation 

P001 79. Muratboynu (SW Erzincan). 

Field description: Pseudoconglomeratic nodular limestone. 

Nummulitic 

Europerita U. Eocene. 



POOl 81. Muratboynu (SW Erzincan). 

Field description: fossiliferous mudstone. 

Amphistegina, miliolidae, dendritina (mid-miocene), algae, coral, bryozoa. 

Miliolidae (Aptian-Oligocene) 

Lower-Mid Eocene form? Inner shallow platform facies. 

Valvulininae (cf. Discorinopsis), Eocene, Inner shallow platform facies. 

Dendritina, Mid-Upper Eocene, Inner shalow platform facies. 

Alveolina, Mid Eocene, Inner shallow platform facies. 

file no. 7.Alveolina in POOl 81. 

POOl 152a. Muratboynu (SW Erzincan). 

Field description: Pseudoconglomeratic nodular limestone unconformable on 

melange. 

Petrographic description: bioclastic wackestone. 

benthic forams, palaeocene-Eocene shallow-water facies. 

Ranikothalia, Miscellanea or Saudia Labyrinthica GRIMSDALE, Upper Palaeocene, 

Upper slope/shelf edge facies. 

Globotruncana, Campanian-Maastrichtian, Slope/basin facies. 

Globotruncana and Ranikothalia, Campanian, Basinal facies. 



Nummulites? Or Alveolina, Lower Eocene-Mid Eocene, Slope facies. 

Amphistigina, Discocyclina, lithothanium or Lithophyllum? Eocene, Slope facies. 

Morozovella spinulosa, Mid Eocene, Basin/slope facies. 

file no. 10. Globotruncana in POOl 152a. 

file no. 12. Amphistegina in POOl 152a. 

POOl 152b. Muratboynu (SW Erzincan). 



Field description: Pseudoconglomeratic nodular limestone unconformable on 

melange. 

Petrographic description: bioclastic wackestone. 

benthic forams, palaeocene-Eocene shallow-water facies. 

Turbo rota/ia, Upper Eocene, OR Planorotalites or Morozovella? Mid Palaeocene, 

Planktonic. 

Spiroclypeus or Pellatispira? And Zezzazata. Upper Eocene. 

Milliolidae, Aptian-Oligocene. 

Amphistegina, Mid Eocene-Pleistocene. 

Globigerinacea, Globorotalidae or Palorotalites push/a push/a, Mid Eocene, 

Planktonic. 

file no. 17. Amphistegina in POOl 152b. 



file no. 14. ?Turborotalia in POOl 152b. 

P003 135. Ba1tai (W Erzincan). 

Field description: Coarse algal bioclastic limestone with benthic forams. Same 

lithology as P003 117) 

algae. Indicates shallow water. 

Globigerinidae. 

P003 53. Giyabey Yurdu (S Erzincan). 

Field description: Nummulitic calcarenite. 

Petrographic description: coarse bioclastic touchstone, micritic matrix. 

Fallotella? Palaeocene. 

Pithonella? coniacian. 



file no. 74. Pitholella ovalis in P003 53. 

P003 56. Giyabey Yurdu (S Erzincan). 

Field description: bioclastic calcarenite. 

Petrographic description: coarse bioclastic wackestone, micritic matrix. 

Eoruperita, U. Eocene. 

Nummulite. Eocene. 

P003 59. Goltepe (S Erzincan). 

Field description: foraminiferal massive calcarenite w. nummulites and 

globotruncana? 

Petrographic description: wackestone. 

algae, pelagic and benthic forams, ?Miocene. 

Heterohelicidae? Maastrichtian. 

Pithonella ovalis, Albian-Santonian 

Large benthic foram. 

Coskinolina? Palaeocene? 

P003 61. Goltepe (S Erzincan). 

Field description: limestone (soft grey micrite). 

Petrographic description: micritic limestone. 



Globotruncana type. 

1 Pithonella ovalis, Albian-Cenomanian? 

2 globotruncana? 

P003 61. Goltepe (S Erzincan). 

Field description: limestone (soft grey micrite). 

Petrographic description: micritic limestone. 

Globotruncana type. 

1 Pithonella ovalis, Albian-Cenomanian? 

2 Globotruncana? 

P003 62. Göltepe (S Erzincan). 

Field description: Eocene nummulitic calcarenite. 

Petrographic description: fractured/sheared recrystalised wackestone. 

Miliolinids & algae. 

P003 187. Kömür (N Erzincan). 

Field description: grey volcaniclastic sandstone with foraminifer. 

Petrographic description: Volcaniclastic sandstone. 

small planktonic forams in matrix. Large Palaeocene-Eocene forams. 

Favusella Washitensis (in clast), Lower Cenomanian. 

Victoriella? (matrix) U. Eocene. 

Nummulites, Eocene. 

Planktonic, Eocene? 

clast of chert. 

clast of chert. 

Turborotalia cerroazulensis cocoaensis? Upper Eocene. 



Appendix 1: Biostratigraphy 

Part 2: Determinations from Drs. K Tasli and N. man (Mersin 

University, Turkey). 

I Central Pontides 

Kirazbau Mélange (Albian-U maastrichtian) 

P002 68 (Yaprakli) Upper Maastrichtian 

Pseudosiderolites vidali (DOUVILLE), oblique section, Upper Maastrichtian. 

Fig. 1H. 

Bryozoa, algae 

P002 85 (Eldivan) Albian-Cenomanian 

Rotalipora sp., subaxial section, Albo-cenomanian. Fig. 1 C. 

P002 86 (Eldivan) Albian 

Ticinella sp., axial section, Albian, Fig 1 D. 

'kicam Formation (U Cret (Campanian-Maastrichtian) 

P002 51 (Ekincik) Maastrichtian 

Globotruncana linneiana (D ' ORBIGNY) 

Gansserina gansseri (Bolli), 

Contusotruncanafornicata (PLUMMER) 

Operculina complanata (DEFRANCE) LUTETIAN, Fig. 2 C. 

Orbitoclypeus sp., Lutetian, Fig. 2 F. 

Planomalinidae 

Heterohelicidae 

P002 72 (Ilisik) 



Radiolaria, no marker fossil 

P002 197 (Ekincik) Campanian-Maastrichtian (Mersin) 

Globotruncana linneiana (D'ORBIGNY) 

Planomalinidae 

Heterohelicidae 

P003 211 (Yukaribercin) Campanian-Maastrichtian 

Globotruncana arca (CUSHMAN) 

Planomalinidae 

Heterohelicidae 

Yaylacayi Formation (Cam pan ian-Maastrichtian) 

P002 111 (Iskilip) Campanian-Maastrichtian 

Globotruncana arca (CUSHMAN) 

Globotruncana linneiana (D'ORBIGNY) 

Pseudotextularia sp. 

Planomalinidae 

P002 118 (Iskilip) Campanian-Maastrichtian 

Globotruncana linneiana (D'ORBIGNY) 

Pseudo textularia sp. 

Archaeoglobigerina sp. 

Planomalinidae 

P002 143 (Iskilip) Campanian-Maastrichtian 

Globotruncana arca (CUSHMAN) 

Globotruncana linneiana (D'ORBIGNY) 

Globotruncana bulloides VOGLER 



P002 197 (Ekincik) Campanian-Maastrichtian 

Globotruncana linneiana (D'ORBIGNY) 

Planomalinidae 

Heterohelicidae 

Yaprakli Formation (U Cretaceous) 

P002 166 (Yaprakli) Upper Cretaceous 

A rchaeoglobigerina sp. 

Pithonella ovalis (KAUFMANN) 

Rotaliidae 

Kadikizi Formation (U Eocene) 

P002 226 (Delibey) U Eocene (Priabonian) 

Nummulites incrassatus DE LA HARPE 

Nummulites striatus BRUGUIERE) 

Discocyclina seunesi DOUVILLE 

Operculina sp. 

Assilina sp. 

Miliolidae 

2 Eastern Pontides 

(Ayikayasi Formation?) (Late Cretaceous?) 

P003 69 (Muratboynu, Ayikayasi Formation) Cretaceous 

Fossils are reworked 

Charentia? sp. (Cretaceous) 

Siphovalvulina sp. (Jurassic-Cretaceous) 

Rotaliidae 



Dasycladacean and Codiacean algae 

Echinoderm debris Fossils are reworked 

P003 86 (Bahceli) Berriasian (pelagic limestone block age) 

Calpionella alpina LORENZ 

Calpionella elliptica CADISH Fig. A, B. 

Radiolaria 

P003 90 (cerpacindere Yayla pink pelagic limestone) Campanian-Maastrichtian 

Globotruncana linneiana (D'ORBIGNY) 

Archaeoglobigerina sp. 

Heterohelicidae 

Planomalinidae 

Karayaprak Mélange (Late Cretaceous) 

P003 68 (Muratboynu) Lower Cretaceous? platform limestone. 

Vercorsella? sp. 

Miliolidae (Pyrgo and Quinqueloculina) 

Ostracoda 

Gastropoda 

P003 38 (Balh) Campanian-Maastrichtian pink pelagic limestone block in melange 

Globotruncana linneiana (D'ORBIGNY) 

Planomalinidae 

Heterohelicidae 

Karada§ Formation (Late Cretaceous (?L Turonian-

Maastrichtian)(Cam pan ian-Maastrichtian) 

P003 115 (Binkoc) Lower Eocene? 



Eponides sp. 

Morozovella sp. 

Globigerina sp. 

Pelecypoda fragments 

Echinoderm debris 

SUtpinar Formation (Upper Cretaceous-Lower Eocene/?mid Eocene) 

P003 138 (Ahir) Maastrichtian 

Globotruncanita stuarti (DE LAPPARENT) 

Globotruncana arca (CUSHMAN) 

Contusotruncana contusa (CUSHMAN) 

P003 139B (Ahir) Lower-Middle Palaeocene 

Planorotalites compressa (PLUMMER) 

"Subbotina Il  pseudobullo ides (PLUMMER) 

Globigerinidae 

P003 153 (Gökkaya, mid) Lower Eocene 

Discocyclina sp. 

Nummulites sp. 

Rotalia sp. 

Planktic foram.: Morozovella gr. subbotinae (MOROZOVA) 

Morozovella gracilis (BOLLI) 

Globigerina sp. 

Bryozoa 

Echinoderm debris 

Ostracoda 

P003 175 (Gokkaya,mid-upper) Upper Cretaceous 

Globotruncanidae 

Textularia sp. 



Bryozoa 

Echinoderm debris 

Shell fragments 

Sipikor Formation 

POOl 152A (Muratboynu) Lower(?) EOCENE 

Sphaerogypsina globula (REUSS) 

Rotalia trochidformis LAMARCK 

Idalina sinjarica GRJMSDALE 

Ophthalmidium sp. 

Eponides sp. 

Nummulites sp. 

Bryozoa 

Gastropoda 

Echinoderm debris 

Ostracoda 

Coral 

Dasycladacean alga 

POOl 79 (Muratboynu) Lower (?) Eocene 

Gyrodinella magna (LE CALVEZ) lower Eocene, Fig. 2 B. 

Ophthalmidium sp. 

Epon ides sp. 

Orbitolites sp. 

Triloculina sp. 

Nummulites sp. 

Orbitolites sp. 

Sphaerogypsina sp. 

Bryozoa 

Gastropoda 

Echinoderm debris 



Ostracoda 

Coral 

P001 81 (Muratboynu) Lower (?) Eocene 

Sphaerogypsina globula (REUSS) Fig. 2 D. 

Sphaerogypsina carteri SILVESTRI 

Asterigerina rotula KAUFMANN Fig. 2 E. 

A lveolina el/ipso ida/is SCHWAGER 

Operculina sp. 

Nummulites sp. 

Triloculina sp. 

Orbitolites sp. 

Morozovella sp. 

Bryozoa 

Gastropoda 

Echinoderm debris 

Ostracoda 

Coral 

Dasycladacean alga 

P003 116 (Binkoc) Lower (?) Eocene 

Sphaerogypsina globula (REUSS) 

Sphaerogypsina carteri SILVESTRI 

Lockhartia haimei DAVIES 

Nummulites millecaput BOUBEE 

Nummulites striatus (BRUGUIERE) 

Alveolina pasticillata SCHWAGER 

Alveolina ellipsoidalis SCHWAGER 

Assilina sp. 

Epon ides sp. 

Coralline alga 

Echinoderm debris 



P003 156 (Gokkaya) Upper Palaeocene (Thanetian) 

Idalina sinjarica GRIMSDALE 

Ophthalmidium sp. 

Quinqueloculina sp. 

Triloculina sp. 

Textularia sp. 

Rota/ia sp. 

Dasycladacean alga 

1st: 

Nummulitidae Eocene Fig. 128. 

Milliolidae, Fig, 129. 

Amphistegina, Eocene-Oligocene, Fig. 130. 

P003 62 (Goltepe) Upper Palaeocene (Thanetian) 

Idalina sinjarica GRIMSDALE 

Alveolina sp. 

Coral: Litharaeopsis subepithecata (OPPENHEIM) 

Echinoderm debris 

Coralline alga 

P003 135 (Ba1tai) no marker fossil (?) Cretaceous-Tertiary 

Bryozoa 

Echinoderm debris 

Coralline algae, 

P003 99 (cerpacin Yayla) U Palaeocene (Thanetian) 

Idalina sinjarica GRIMSDALE Fig. 1 J. 

Coskinolina (Coskinon) rajkae HOTTINGER and DROBNE Fig 1. I. 

Ophthalmidium sp. 

Spiro/ma sp. 



Alveolina (Glomalveolina) sp. Fig. 1 J. 

P003 156 (Gokkaya) Upper Palaeocene (Thanetian) 

Ida/ma sinjarica GRIMSDALE 

Ophthalmidium sp. 

Quinqueloculina sp. 

Triloculina sp. 

Textularia sp. 

Rota/ia sp. 

Dasycladacean alga 

P003 187 (Kömur) Eocene 

Nummulites cf striatus (BRUGURIERE) 

Discocyclina sp. 

Operculina sp. 

(Reworked clasts of radiolarite and wackestone with globigerinids) 

P003 30 (cevizli) Campanian-Maastrichtian 

Contusotruncanafornicata (PLUMMER) 

Globotruncanita stuarti (DE LAPPARENT) 

Globotruncana bulloides VOGLER 

Globotruncana linneiana (D'ORBIGNY) 

Planomalinidae 

Echinoderm debris 

Shell fragments 

Kemah Formation (Oligocene-Mid Miocene) 

P003 59 (Goltepe) Lower Miocene 

Miogypsina mediterranea BRONNIMANN 

Gypsina sp. 

Textularia sp. 



Coral 

Echinoderm debris 

Coralline alga 

P003 53 (Giyabey Yurdu) Lower Miocene 

Miogypsina mediterranea BRONNIMANN 

Miogypsina cf irregularis (MICHELOTTI) Fig. 2 H. 

Textularia sp. 

Coralline alga. Amphiroa cf. propria (LEMOThJE) 

Echinoderm debris 

Bryozoa 

P003 51 (Giyabey Yurdu) Maastrichtian 

Globotruncana linneiana (D'ORBIGNY) 

Gansserina gansseri (BOLLI) Fig. 1 G. 

Contusotruncanafornicata (PLUMMER) Fig. 1 F. 

Planomalinidae 

Heterohelicidae 

P003 56 (Giyabey Yurdu) Lower Miocene 

Miogypsina c/ irregularis (MICHELOTTI) 

Gypsina sp. 

Bryozoa 

Echinoderm debris 

Coralline algae: 

Archaeolithothamniumjohnsoni MASTRORILLI 

Ethelia alba PFENDER 

P003 57 (Giyabey Yurdu) Lower Miocene 

Borelis melo (REICHEL) Lwr Miocene, Fig. 2 I. 

Amphistegina cf. lessoni (D'ORBIGNY) 

Miogypsina irregularis (MICHELOTTI) 



Miogypsina mediterranea BRONNIMANN Lwr. Miocene, Fig. 2 J. 

Asterigerina rotula (KAUFMANN) 

Miogypsinoides cf dehaartii (VANDER VLERK) 

Gypsina sp. 

Quinqueloculina sp. 

Peneroplis sp. 

Dentritina sp. Lwr. Miocene, Fig. 2 K. 

Gastropoda 

Coralline alga 

P003 117 (Giyabey Yurdu) Lower Miocene 

Miogypsina cf irregularis (MICHELOTTI) 

Miogypsina mediterranea BRONNIMANN 

Miogypsina cf antillae (CUSHMAN) 

Miogypsino ides cf. dehaartii (VANDER VLERK) 

Operculina cf. complanata (DEFRANCE) 

Lepidocyclina sp. 

Elphidium sp. 

Miliolidae 

Algae: 

Amphiroa cf. piopria (LEMOINE) 

Archaeolithothamniumjohnsoni MASTROLLI 



Appendix 1: Biostratigraphy 

Part 3: Determinations by Prof. Izver Onen (Istanbul University). 

POOl 81. Muratboynu (SW Erzincan). 

Amphistegina, miliolidae, dendritina (mid-miocene), algae, coral, bryozoa. 

Miliolidae (Aptian-Oligocene), Triloculina sp. 

Valvulininae (cf. Discorinopsis), Eocene, Inner shallow platform facies. 

Alveolina, Mid Eocene, Inner shallow platform facies. 

POOl 152a. Muratboynu (SW Erzincan). 

Ranikothalia, Miscellanea or Saudia Labyrinthica (GRJMSDALE), Upper 

Palaeocene, Upper slope/shelf edge facies. 

Globotruncana cf. ventricosa (WHITE) Campanian-Maastrichtian, Slope/basin 

facies. 

Globotruncana and Ranikothalia, Campanian, Basinal facies. 

Nummulites Or Alveolina, Morozovella aragonensis, Lower Eocene-Mid Eocene, 

Slope facies. 

Amphistigina, Discocyclina, lithothanium or lithophyllum? Eocene, Slope facies. 

Morozovella spinulosa, Pseudohastigerina sp., Mid Eocene, Basin/slope facies. 

POOl 152b. Muratboynu (SW Erzincan). 

4 (fig. 17) Amphistegina, Mid Eocene 

Morozovella aragonensis (Nuttall) 

Morozovella formosa formaso (Bolli) 

Nummulites sp. 

Operculina sp. 

Peneroplis sp. 

Lenticulina sp. 

Soritidae 

Ostracoda 



P002 10. Seki (N Iskilip, CP). 

Stratigraphic unit: Yaylacayi Formation. 

Field description: Limestone. 

Petrographic description: 

Fossil content: 

Globotruncana sp. 

Globotruncana sp. 

P002 12. Seki (N Iskilip, CP). 

Globotruncana. 

Marginotruncana. 

Whiteinella. 

Abathomphalus mayaroensis (Bolli) Upper Maastrichtian 

Globotruncanafalsostuarti Sigal 

Globotruncanidae, Rugoglobigerina sp. 

Globotruncana linnerana (dOrbingy) 

Globotruncana sp. 

Hedbergella sp. 

Globotruncanita cf. stuarti (de Lapp.) 

Globotruncanella sp. 

Globigerinelloides sp. 

Rugoglobigerina sp. 

P002 23. Sivar (N Tosya, CP). 

Globotruncana-type. 

P002 26. Akkaya (N Tosya, CP) 

Globotruncana-type. 

Cretaceous 

Hedbergellidae 

P002 33. Aagikaya (SW Tosya). 



Marginotruncana, Coniacian-Santonian? 

Rotalidae fragments, echinoderm debris, no marker fossil 

P002 45. Hacibrahim (E Tosya). 

recrystallised Globotruncana-type. 

P002 51. Ekincik (N Tosya). 

Heterohelicidae? 

Globotruncanidae, GI. cf. lapparenti (BROTZEN) Santonian-Maastrichtian 

Gansserina gansseri (BOLLI) and Gi. cf jlsostuarti sigal 

P002 66. Korgun (N cankiri). 

Tincinela or Rotalipora (Upper Cenomanian) 

No marker fossil 

P002 68. Yaprakli (NE cankiri, CP). 

Amphistegina, Bryozoa, algae 

P002 72. Ilisilik (SW Tosya, CP) 

Globotruncanidae, Radiolaria Upper Cretaceous. 

P002 76. Eldivan (SW cankiri, CP). 

Globotruncanidae 

P002 85. Eldivan (SW çankiri, CP). 

Nummulites sp. Eocene. 

Morozovela sp. Palaeocene? 

Globotruncana cf falsostuarti Sigal, Radiolaria, Maastrichtian. 

Amphistegina sp., Eocene 

P002 86. Eldivan (SW cankiri, CP). 

Rugoglobigerina 



Planorbulina sp.? 

P002 129. Seki (N Iskilip, CP). 

Globotruncana cf. aegyptiaca NAKKADY, Rugoglobigerina sp. (Maastrichtian). 

Radiolaria 

Gastrapoda and Ammonoidea shell (fragments) 

Cadosina sp. ? 

Stomiosphaera sp. ? 

Stomiosphaera cf wanneri BORZA 

P002 143. Iskilip (CP). 

Globotruncana stuarti, Maastrichtian, Globotruncanita sp., Gi. lapparenti, 

Globotruncanita stuarti (de LAP.) BROTZEN 

P002 145. Iskilip 

Globotruncana bulloides (VOGLER) 

Globotruncana arca (CUSHMANN) 

Globotruncana linneiana (DORBIGNY) 

Globotruncana lapparenti (BROTZEN) 

Gansserina gansseri (BOLLI) 

Globotruncana sp. 

Globigerinelloides sp. 

Rugotruncana sp. 

Heterohelix globulosa (EHRENBERG). 

P002 166 

Globotruncana sp., Gi. linneiana (D'ORBIGNY), Santonian-Campanian 

P002 173 

Globotruncanita sp. 

P002 197. Ekincik (N Tosya). 



Globotruncanidae Upper Cretaceous 

P002 198. Ekincik (N Tosya). 

Heterohelix globulosa (EHRENBERG) 

Glootruncana bulloides (VOGLER) Campanian-Maastrichtian. 

Rosita cf fornicata (PLUMMER) 

Globotruncanella sp. 

Globotruncana aegyptiaca NAKKADY 

Abathomphalus sp. 

Heterohelix sp. 

P002 226. Kadikizi (N Tosya, CP). 

Globotruncana bulb ides VOGLER, Campanian-Maastrichtian 

Discocyclina, Mid, Eocene. 

Discocyclina sp., Amphistegina sp., algae, Eocene 

P002 227. Kadikizi (N Tosya, CP). 

Nummulites sp., Discocyclina cf. discus (RUTIMEYERI), Discocyclina sp., 

Milliolidae. Mid Eocene. 

P002 228. Soganlar (N Tosya, CP). 

Discocyclina sp. Nummulites sp., Assilina sp., Verneuillinidae EOCENE 

pelagic forams, radiolarian. 

P002 231. Soganlar (N Tosya, CP). 

Radiolaria 

P002 255. Karanhkdere Yayla (SE Tosya, CP). 

Globotruncanidae? 

P002 262. Akkaya (N Tosya, CP) 

Globotruncana sp.. 



Radiolaria (recrystallised) 

Globigerinidae 

Planorotallites sp. 

P003 30. çevizli (W Erzincan). 

Pithonella Ova/is, Cretaceous. 

Globotruncanita stuarti (DE LAPPARENT) 

P003 38. Balli (W Erzincan). 

Maastrichtian 

Globotruncana lapparenti (BROTZEN) 

priariehilensis (PBS SAGNO) Maastrichtian 

P003 53. Giyabey Yurdu (S Erzincan). 

Pithonella ova/is (KAUFMANN) 

Verneullinidae 

Lithophyllum sp. 

P003 57. Giyabey Yurdu (S Erzincan). 

Amphistegina sp., Lithphyllum sp., Eocene. 

Glomalveolina? Alveolina sp., Bu/lalveolina sp., Miogypsina sp. Upper Oligocene- 

Lower Miocene. 

Milliolidae, Cibicides sp. 

P003 59. Göltepe (S Erzincan). 

Planorbulina sp. (Palaeocene-Eocene) 

Pithonella ova/is? Albian-Santonian 

algae 

Verneui//inidae, P/anorbulinidae? (Eocene). 

P003 61. Goltepe (S Erzincan). 

Pithonella ovalis, Albian-Cenomanian 



globotruncana 

P003 68. Muratboynu (S Erzincan). 

Upper Cretaceous pelagic forams 

P003 69. Muratboynu (S Erzincan). 

Radiolaria 

P003 86 Bahceli (W Erzincan). 

Stomiospaera sphaerica or Calcisphaerula innominata, Lower Turonian. 

Pithonella ovalis, Cretaceous. 

P003 90. cerpacin Yayla, (W Erzincan). 

Globotruncana cf. linneiana (D'ORBIGNY) Santonian-Maastrichtian 

Globotruncana sp. Maastrichtian 

Rugoglobigerina sp. (Maastrichtian) 

P003 99. ceacin Yayla, (W Erzincan). Mid Miocene. 

Borelis melo, Mid Miocene. 

Miliolidae, Palaeocene?-Early Eocene? Timer shelf facies. 

Verneuillinidae 

P003 115 Bilkoç(SErzincan). 

Globotruncana sp. Upper Cretaceous 

Rugoglobigerinid sp. Upper Cretaceous 

Pelagic forams. 

P003 116. Bilkoc(SErzincan). 

Nummulites (& A mphistegina) , Assilina sp., Mid Eocene. 

Morozovella? (?velascoensis), M Simulatilis (SCHWAPER) Upper Palaeocene. 

Assilina, Lower Eocene. Nummulites sp., 

Rotalidae, Soritidae 



P003 117. Giyabey Yurdu (S Erzincan). 

Miogypsinidae 

Miogypsina spp. 

Miogypsina cf 

algae, Upper Oligocene-Lower Miocene 

P003 121. Giyabey Yurdu (S Erzincan). 

Discocyclina cf discus (Rutimiyeri) 

Discocyclina sp. 

Nummulites sp. 

Assilia sp. 

Amphistegina sp. 

Discocyclina marthae (Schiumberger) 

P003 135. Baltai (W Erzincan). 

Truncorotalo ides cf. rohri (Bröimimann&Bermudez) 

Acarinina sp. 

Globigerina sp. 

Rugoglobigerina sp. 

Globotruncanidae 

Upper Cretaceous 

P003 152. Gokkaya (SW Erzincan). 

Stratigraphic unit: ceacin member (near base), çerpacindere Formation. 

Field description: thin-bedded shaly-muddy limestone with fissile shale partings. 

Petrographic description: 

Fossil content: Not dateable in thin section. No planktonic forams. 

1 Siliceous radiolarians in calcareous micrite. Indicating Siliceous productivity and 

carbonate deposition above CCD in unrestricted open ocean. 



P003 153. Gokkaya (SW Erzincan). 

Planorotalites? U. Palaeocene. 

Mozorovellaaragonensis (NUTALL), Mid Eocene. 

Acarina sp. Eocene. 

P003 155. Gokkaya (SW Erzincan). 

Globigerina 

Acarinina sp. 

P003 156. Gokkaya (SW Erzincan). 

Nummulitidae 

Miliolidae 

P003 166. celtek (Sivas). 

Pithonella ovalis KAUFMANN 

Ostracoda 

P003 175. Gokkaya (SW Erzincan) 

Planorotalites sp. Palaeocene-Eocene 

P003 187. Kömür (N Erzincan). 

Pithonella ovalis (Turonian) 

Pseudohastigerina sp. 

Radiolaria, Nummulitidae (Eocene) 

Turborotalia sp. 

P003 211. Yukariberçin (CP, NW Tosya). 

Globotruncana arca (CUSHIMAN) 

Heterohelicidae 



Appendix 2. Whole-rock geochemistry analytical procedure. 

X-Ray Fluorescence Analysis (XRF): sample preparation and analytical method 

The particular method described here has been developed by Dodie James and 

Godfrey Fitton and incorporates procedures specified by de Jongh (1973), 

Govindaraju (1994), Jochum et al. (1990), Norrish & Hutton (1969) and Reynolds 

(1963). 

Samples were analyzed for 10 major and 15 trace elements at Edinburgh 

University using a Phillips PW2404 wavelength-dispersive, sequential X-ray 

fluorescence spectrometer fitted with a Rh anode end-window X-ray tube. 

Sample Preparation for Major-element Analysis 

Major element concentrations were measured on fused glass discs prepared 

by a method similar to that of Norrish & Hutton (1969). Powdered rock samples 

were dried in an oven at 1 10°C overnight. A nominal, but precisely weighed, 0.9g of 

each sample was ignited for 20 minutes in a Pt-5%Au crucible at 1100°C to 

determine loss on ignition (LOl). Loss on ignition was calculated from the measured 

mass change and expressed as a percentage of the un-ignited sample mass. 

The remaining ignited powder was mixed thoroughly with a borate flux 

(Johnson Matthey Spectroflux® 105), using a 5:1 (flux/sample) dilution calculated 

on the basis of the sample mass before second ignition, and then fused in a muffle 

furnace for 20 minutes at 1100°C. Spectroflux(V contains 47% lithium tetraborate 

(Li213407), 37% lithium oxide (Li20) and 16% lanthanum oxide (La203) as a heavy 

absorber. 

After fusion the crucible is reweighed and weight loss due to adsorbed 

moisture from the flux was made up by the accurate addition of extra flux. While 

fusing for the second time over a Meker burner the mixture in the crucible was 

swirled thoroughly to ensure homogeneity. The molten material was cast into a 

graphite plate and pressed into a thin disc by lowering an aluminium plunger onto the 

globule. The casting operation was carried out on a hotplate at 220°C and the glass 

disk was allowed to anneal at this temperature for 5 minutes before cooling. 



B sample preparation for trace element analysis 

Approximately 8g of powdered rock sample was mixed with 8 drops of binding 

agent (2% aqueous solution of polyvinyl alcohol). The mixture was placed in a 

tapered aluminium pellet cup inside a steel mold. A polished tungsten carbide disc 

was placed on top of the powder and the whole assembly compressed at 8 tons using 

a hydraulic press to form a 40-mm diameter pellet. 

C Calibration 

The spectrometer was calibrated for major- and trace-element analysis using 

international standard samples. The concentrations of Nb and Zr used in the 

calibrations were those given by Jochum et al. (1990). The concentrations of major 

elements and all other trace elements were those recommended in the compilation of 

"working values" by Govindaraju (1994). Instrumental settings used for both 

calibration standards and routine samples are given in table 1 below. 

D Interference and matrix corrections 

Analytical lines were chosen to provide high intensity with minimal interference 

from other elements. Line overlap factors were calculated using the international 

standards used in the calibrations and, in addition, synthetic standards for trace-

element overlaps. The synthetic standards were prepared from pure oxide mixtures 

of basalt and granite composition, spiked with stoichiometric trace-element 

compounds. The mixtures were fused, ground, and pressed into pellets as above. 

Line overlap corrections were applied for Rb on Y, Sr on Zr, Y on Nb, Ti on V and 

Ba, V on Cr, Cr on Ce and Nd, Ce on Nd, Ca on Sc, Sc on Ba. For major elements, 

corrections were applied for Ca on Mg, Ti, and P, and Mg on Na. 

The use of flux containing a heavy absorber (La203) for major-element 

analysis produces glass discs with a relatively constant matrix composition. 

However, linearity of calibration lines was improved by correcting the intensities of 

major-element lines for matrix effects using theoretical alpha coefficients (de Jongh, 

1973) calculated on-line. The coefficients were calculated to allow for the volatile 

components in the sample which were replaced by flux. Analytical totals should, 



therefore, be 100% less the measured LOl. The intensities of five trace-element lines 

(Rb, Sr, Y, Zr, and Nb) were corrected for matrix effects by using the count rate from 

the RhKa Compton scatter line as an internal standard (Reynolds, 1963). All other 

trace-element intensities were corrected for matrix effects using theoretical alpha 

coefficients based on major-element concentrations measured on the powder pellets 

at the same time. 

Because the background around the wavelength of NbK is curved, linear 

interpolation between two background positions can introduce significant error at 

low concentrations. Instead, the background correction was calculated by fitting a 

third-order polynomial to background count rates measured at four positions, two 

either side of the peak. Long counting times (500 s at the peak and 500 s in total at 

the background positions) were used in order to improve precision in the 

determination of Nb. Each sample was analysed three times and the average value 

taken. A LiF220 analysing crystal was used in the determination of Zr to give better 

wavelength dispersion and hence reduce overlap of the SrK peak on ZrK. 

Precision and accuracy 

Analytical precision is a function of reproducibility. Reproducibility has two aspects 

to consider; 1) the ability of the spectrometer to reproduce results from repeated 

analysis of a single sample, 2) the ability of the analyst to manufacture samples of a 

particular material which give the same results when analysed. For major elements, 

instrument reproducibility is better than sample reproducibility, but for trace 

elements it is similar to, or worse than, sample reproducibility. 

Accuracy is a measure of the absolute quality of the analysis and is more 

difficult to estimate. To some extent accuracy depends on the quality of the 

calibration. This can be assessed by comparing the measured standard values with 

those of Govindaraju (1994) and can be quantified as the root mean square deviation 

(rmsd), expressed in wt.% or ppm, of the calibration data about the regression line. 

For major-elements precision and accuracy are very similar but for trace-elements 

precision is much better than accuracy. This probably reflects the accuracy of the 

values recommended for the standards used in trace-element calibrations. Inter-

laboratory agreement on standard values is much better for major elements than for 



trace elements. Reproducibility (a) and accuracy (rmsd) data were obtained by 

preparing five glass discs from a single rock sample (P001/42) and measuring each 

five times. The results appear in Table 2. 

Table 2. Reproducibility (standard deviation a) and accuracy (rmsd) data. 

Si02 A1203 Fe203 MgO CaO Na20 K20 T102 MnO P205 LOI Total 

P001/42A 47.99 16.09 12.82 2.89 7.96 3.06 1.332 1.699 0.139 0.205 5.07 99.26 

P001/42A 47.96 16.11 12.84 2.91 7.94 3.08 1.326 1.697 0.138 0.205 5.07 99.28 

P001/42A 47.96 16.12 12.82 2.89 7.92 3.06 1.330 1.700 0.137 0.206 5.07 99.21 

P001/42A 47.93 16.13 12.83 2.91 7.95 3.11 1.332 1.697 0.140 0.206 5.07 99.31 

P001/42A 47,97 16.10 12.82 2.92 7.94 3.06 1.328 1.700 0.139 0.205 5.07 99.25 

P001/42B 48.11 15.84 12.82 2.90 7.94 3.05 1.323 1.698 0.140 0.206 5.00 99.03 

P001/42B 48.11 15.87 12.83 2.92 7.96 3.09 1.324 1.705 0.140 0.205 5.00 99.15 

P001/42B 48.13 15.91 12.80 2.92 7.95 3.06 1.319 1.697 0.140 0.203 5.00 99.13 

P001/42B 48.14 15.82 12.81 2.88 7.96 3.07 1.322 1.706 0.141 0.202 5.00 99.05 

P001/42B 48.13 15.86 12.83 2.91 7.95 3.04 1.322 1.697 0.139 0.201 5.00 99.08 

P001/42C 48.35 15.93 12.92 2.92 8.00 3.08 1.333 1.713 0.142 0.206 5.05 99.64 

P001/42C 48.38 15.93 12.92 2.95 7.99 3.06 1.331 1.707 0.140 0.209 5.05 99.67 

P001/42C 48.39 15.96 12.92 2.93 8.00 3.07 1.337 1.717 0.142 0.206 5.05 99.72 

P001/42C 48.44 16.02 12.93 2.91 7.98 3.13 1.325 1.716 0.140 0.204 5.05 99.85 

P001/42C 48.42 15.98 12.92 2.94 8.01 3.09 1.332 1.718 0.140 0.206 5.05 99.81 

P001/42D 48.17 16.03 12.86 2.90 7.95 3.07 1.329 1.705 0.137 0.208 6.24 100.60 

P001/42D 48.20 16.00 12.89 2.92 7.96 3.10 1.330 1.704 0.138 0.206 6.24 100.69 

P001/42D 48.20 15.95 12.87 2.92 7.96 3.03 1.329 1.719 0.140 0.208 6.24 100.57 

P001/42D 48.21 16.00 12.89 2.92 7.98 3.08 1.327 1.712 0.139 0.207 6.24 100.71 

P001/42D 48.23 15.97 12.88 2.93 7.97 3.09 1.331 1.709 0.140 0.207 6.24 100.70 

P001/42E 48.41 16.09 12.85 2.88 7.83 2.97 1.307 1.675 0.137 0.200 5.03 99.38 

P001/42E 48.48 16.00 12.85 2.88 7.83 3.06 1.313 1.674 0.135 0.205 5.03 99.46 

P001/42E 48.51 16.06 12.87 2.89 7.84 2.95 1.310 1.676 0.139 0.204 5.03 99.48 

P001/42E 48.48 16.05 12.85 2.88 7.84 3.02 1.316 1.677 0.138 0.202 5.03 99.48 

P001/42E 48.53 16.06 12.88 2.90 7.83 3.03 1.307 1.681 0.137 0.205 5.03 99.59 

instrument reproducibility sample reproducibility accuracy 

mean a mean a r.m.s.d 

S102 46.62 0.0275 48.2332 0.2095 0.22 

A1203 15.463 0.0302 15.9952 0.0985 0.12 

Fe203 12.4301 0.0107 12.8608 0.043 0.05 

MgO 2.8111 0.0132 2.9088 0.0186 0.08 

CaO 7.6711 0.0103 7.9376 0.0622 0.05 

Na20 2.9575 0.028 3.0604 0.0362 0.06 

K20 1.2802 0.0028 1.3246 0.0089 0.02 

702 1.6428 0.0038 1.7 0.0149 0.01 

MnO 0.1344 0.0011 0.1391 0.0017 0.01 



P205 	 0.01 0.1982 	0.0015 0.2051 

 

LOl 5.1097 5.278 

 

Total 96.3182 	0.062614 99.6427 

 



Appendix 3. XRF Data. 

Refahiye Complex 
Sample P001/47/48 P001/53 P001/119 P002/E3 P002/E8 P002/E15 E16 E17 E19 E20 
Si02 43.38 50.84 53.47 50.02 51.95 49.90 47.55 49.91 57.74 
A1203 0.80 14.45 16.25 15.86 17.33 15.21 14.47 14.97 16.07 
Fe203 8.65 13.41 9.71 9.76 9.30 13.01 13.97 11.32 8.68 
MgO 45.28 5.71 6.41 7.96 6.66 5.17 4.29 6.75 2.73 
CaO 0.35 9.22 9.00 11.75 8.19 8.93 12.42 10.43 4.06 
Na20 -0.01 3.30 2.79 2.11 3.64 3.77 3.02 3.05 7.07 
K20 0.00 0.24 0.19 0.39 0.39 0.40 0.11 0.23 0.41 
1102 0.05 1.85 0.57 0.29 0.61 1.78 2.04 1.36 1.27 
MnO 0.12 0.22 0.16 0.17 0.16 0.21 0.22 0.19 0.16 
P205 0.01 0.19 0.05 0.02 0.04 0.14 0.15 0.12 0.12 

LOl 1.40 0.98 0.91 1.92 1.34 0.91 1.16 1.12 1.63 
Total 100.03 100.41 99.52 100.25 99.61 99.42 99.40 99.44 99.93 
Zn 50 96 74 80 67 93 105 89 38 52 

Cu 7 63 72 23 123 35 71 70 11 6 
Ni 2770 51 40 30 41 34 33 83 10 0 

Cr 2948 100 46 72 188 53 12 296 27 5 
V 13 358 288 312 318 450 574 308 232 180 
Ba 5 38 29 30 15 109 51 42 73 57 

Sc 5 42 47 57 75 54 53 54 44 51 
Nb 0 3 1 1 1 3 3 3 2 3 
Zr 0 111 25 27 13 100 107 90 43 64 

Y -2 42 13 14 5 38 41 34 14 28 

Sr -3 130 141 200 110 260 154 153 287 199 

Rb 0 2 1 5 10 6 1 2 17 8 

La 3 6 3 2 2 3 4 4 4 2 
Ce -3 17 4 3 0 14 16 11 8 10 

Nd 1 14 3 2 0 10 13 11 4 5 



Appendix 3. XRF Data. 

Refahiye Complex 
Sample P003/27 P003/29 P003/74 P003/122 P003/127B P003/131 P003/148 P003/149 P003/151 
Si02 43.45 66.91 47.30 51.84 47.67 52.91 51.65 51.32 51.07 
A1203 16.03 18.31 15.32 17.89 15.08 16.10 14.82 14.85 11.93 
Fe203 16.57 1.06 8.98 9.18 9.67 8.46 10.14 13.60 8.83 
MgO 5.79 0.79 10.69 4.58 6.50 7.26 9.08 4.40 13.45 
CaO 10.00 0.75 13.71 6.20 14.25 10.40 10.13 7.83 10.20 
Na20 2.99 10.77 1.06 3.75 2.62 2.67 2.34 4.43 1.65 
K20 0.03 0.32 0.08 1.70 0.31 0.11 0.26 0.45 0.17 
Ti02 2.48 0.19 0.54 0.82 1.20 0.31 0.46 2.03 0.38 
MnO 0.18 0.01 0.16 0.19 0.17 0.15 0.18 0.25 0.15 
P205 0.01 0.05 0.01 0.18 0.13 0.02 0.03 0.16 0.03 
LOl 1.91 0.24 2.17 3.27 0.01 1.09 1.11 0.41 1.69 
Total 99.44 99.40 100.01 99.60 97.60 99.48 100.19 99.73 99.56 
Zn 77 35 52 89 88 55 74 87 68 
Cu 63 7 27 108 143 17 14 60 16 
Ni 12 -4 66 5 173 43 122 7 305 
Cr 9 16 240 3 499 187 504 10 1043 
V 798 -3 272 348 265 224 342 383 226 
Ba 8 65 17 602 44 23 22 63 36 
Sc 44 0 63 26 42 50 58 45 46 
Nb 0 2 0 6 4 1 0 3 1 
Zr 7 76 10 87 84 25 10 91 19 
Y 8 0 11 22 30 15 9 37 11 
Sr 126 128 204 588 277 94 96 174 69 
Rb 1 1 1 34 3 1 3 5 2 
La -2 1 1 12 4 0 0 1 0 
Ce 0 8 6 23 9 3 2 12 1 
Nd -1 3 2 12 7 4 1 11 2 



Appendix 3. XRF Data. 

Karayaprak Melange 
Sample P001/147A P001/147B P001/149 P001/155A P001/155B P001/159A P001/159B P001/1590 
Si02 49.36 48.90 58.54 52.28 44.10 47.21 48.14 48.82 
A1203 13.96 13.84 13.95 15.48 12.29 13.86 14.00 14.28 
Fe203 12.13 12.37 10.86 12.71 11.67 10.29 10.51 11.03 
MgO 5.66 6.08 4.49 4.39 15.47 7.17 7.38 7.55 
CaO 10.63 10.11 2.77 4.30 7.03 10.41 9.57 8.15 
Na20 2.34 2.43 2.91 6.40 1.90 3.51 3.09 3.73 
K20 1.36 1.23 0.95 0.56 0.16 0.65 1.52 1.16 
T102 1.16 1.14 0.88 1.34 1.32 1.28 1.36 1.39 
MnO 0.27 0.28 0.25 0.18 0.17 0.19 0.18 0.18 
P205 0.11 0.10 0.12 0.10 0.13 0.12 0.12 0.12 
LOl 2.83 2.92 3.81 1.63 5.40 4.68 3.91 3.82 
Total 99.81 99.40 99.54 99.38 99.64 99.37 99.78 100.24 
Zn 82 90 129 70 100 89 92 97 
Cu 35 31 114 68 97 45 43 29 
Ni 72 71 5 19 704 70 81 77 
Cr 146 139 17 34 963 315 304 300 
V 364 319 172 552 230 315 332 310 
Ba 89 100 280 255 18 42 152 126 
Sc 50 44 40 44 32 45 49 53 
Nb 3 3 1 1 10 3 3 3 
Zr 72 71 65 64 83 80 86 85 
Y 30 30 37 35 17 32 29 29 
Sr 141 105 389 282 172 435 420 452 
Rb 42 38 16 9 1 12 23 16 
La 4 5 5 3 8 5 4 3 
Ce 9 8 9 7 18 12 10 11 
Nd 7 6 7 6 12 10 9 10 



Appendix 3. XRF Data. 

Karayaprak Melange 
Sample P001/167A P001/167B P001/168A P002/E4 P002/E6 P002/E7 P003/100 P003/110 
Si02 48.73 49.07 56.26 47.45 43.98 55.21 58.54 53.50 
A1203 14.45 14.40 16.46 13.98 14.49 16.81 0.58 18.01 
Fe203 13.32 13.03 9.58 14.13 11.55 6.72 8.14 6.04 
MgO 6.22 6.20 3.37 5.70 4.80 5.01 27.91 3.49 
CaO 10.88 10.88 4.23 9.13 19.31 8.06 0.29 4.96 
Na20 3.52 3.26 4.96 3.24 0.21 4.39 0.01 5.29 
K20 0.18 0.26 0.09 1.41 0.05 0.62 0.00 3.43 
T102 1.80 1.76 0.53 2.82 1.51 0.55 0.02 0.87 
MnO 0.22 0.21 0.18 0.17 0.21 0.11 0.09 0.10 
P205 0.18 0.18 0.08 0.35 0.14 0.05 0.01 0.59 
LOl 0.37 3.30 1.66 3.25 1.87 4.52 3.12 
Total 99.50 99.62 99.03 100.05 99.49 99.40 100.10 99.40 
Zn 106 102 132 141 93 105 33 77 
Cu 49 56 47 95 40 160 12 19 
Ni 53 55 21 110 18 95 1203 0 
Cr 101 117 69 288 20 157 1652 7 
V 373 370 139 312 418 299 -7 114 
Ba 34 46 22 189 25 175 16 711 
Sc 46 48 41 40 38 33 1 6 
Nb 4 3 1 36 3 36 0 30 
Zr 123 123 48 196 99 192 0 253 
Y 45 46 20 34 35 25 -1 20 
Sr 174 218 61 419 55 392 -2 1015 
Rb 2 2 1 38 1 45 0 62 
La 5 6 6 21 4 21 0 50 
Ce 18 18 11 48 15 48 -1 85 
Nd 15 14 7 30 13 27 0 31 



Appendix 3. XRF Data. 

Karadag Formation 
Sample P002/E28 P002/E29 P002/E30 P002/E31 P003/42 P003/101 P003/102 P003/103 P003/109 
Si02 57.62 54.83 47.77 58.42 70.09 50.29 57.08 55.67 54.62 
A1203 18.12 17.63 15.86 17.07 11.67 14.61 15.98 15.66 13.12 
Fe203 6.86 7.55 10.63 7.23 4.78 8.08 9.81 9.93 8.07 
MgO 3.19 2.94 7.26 1.99 1.37 7.44 3.67 3.46 8.96 
CaO 4.75 7.36 9.74 4.66 7.09 6.33 3.43 6.93 7.62 
Na20 3.88 3.16 1.77 4.53 2.36 1.73 6.29 3.35 3.90 
K20 2.45 1.61 1.23 1.08 0.03 3.51 0.09 0.09 0.06 
Ti02 0.77 0.81 1.01 0.82 0.59 0.60 0.83 0.81 0.40 
MnO 0.14 0.13 0.15 0.10 0.07 0.18 0.14 0.15 0.15 
P205 0.18 0.23 0.11 0.16 0.12 0.44 0.10 0.10 0.03 
LOl 2.31 3.99 4.02 3.38 1.64 6.18 1.98 3.30 2.98 
Total 100.28 100.25 99.55 99.44 99.81 99.40 99.40 99.45 99.91 
Zn 72 76 86 58 66 64 89 72 67 
Cu 11 45 108 9 19 172 10 24 29 
Ni 0 9 119 0 -5 31 1 3 101 
Cr 9 7 212 10 5 83 11 12 377 
V 172 221 379 165 22 315 263 274 227 
Ba 864 534 325 226 16 458 40 66 13 
Sc 18 17 51 27 16 36 39 38 45 
Nb 12 13 8 12 3 5 1 2 0 
Zr 145 139 91 142 64 58 40 44 16 
Y 24 20 20 24 24 18 26 27 9 
Sr 508 608 355 347 178 240 74 193 41 
Rb 52 38 31 35 0 32 1 1 1 
La 21 19 11 15 4 22 2 1 2 
Ce 40 36 26 36 12 39 7 8 2 
Nd 18 16 13 16 9 19 5 7 1 



Appendix 3. XRF Data. 

Karadag Formation 
Sample P003/113 P003/114 P003/140 P003/144 P003/176 P003/179 P003/180 P003/183 P003/185 
Si02 50.33 49.51 55.67 45.88 45.81 52.87 59.38 50.21 57.54 
A1203 16.84 16.83 18.96 18.88 18.90 14.75 15.32 17.52 15.67 
Fe203 8.98 9.15 5.62 9.62 12.49 13.89 9.59 12.46 5.99 
MgO 3.37 3.53 1.56 4.55 6.93 5.25 4.24 4.26 1.90 
CaO 6.54 6.41 4.76 8.98 7.49 4.09 1.71 7.80 8.18 
Na20 4.39 4.47 5.62 3.25 2.94 4.22 5.08 2.19 2.61 
K20 0.63 0.46 1.99 0.83 0.08 0.23 0.31 0.49 1.24 
Ti02 0.83 0.83 0.61 0.65 0.69 1.09 0.73 0.87 0.63 
MnO 0.20 0.20 0.14 0.21 0.15 0.20 0.24 0.22 0.12 
P205 0.16 0.16 0.26 0.07 0.03 0.06 0.08 0.11 0.19 
L0I 7.66 7.85 4.25 6.67 3.93 2.89 3.24 3.30 5.72 
Total 99.93 99.40 99.44 99.58 99.44 99.54 99.92 99.43 99.78 
Zn 127 124 72 104 95 201 751 96 61 
Cu 229 58 46 84 132 96 16 82 21 
Ni 3 2 -2 10 11 9 -5 3 4 
Cr 4 4 3 24 22 11 3 5 23 
V 246 242 78 350 379 459 120 365 147 
Ba 273 188 632 79 20 55 53 199 504 
Sc 20 20 9 35 33 43 30 44 19 
Nb 4 4 8 1 0 0 0 1 11 
Zr 103 103 190 20 17 16 30 41 148 
Y 30 30 40 13 12 21 28 21 22 
Sr 341 334 296 197 844 53 51 239 478 
Rb 14 11 46 9 1 3 4 5 21 
La 7 9 16 1 0 1 0 2 29 
Ce 21 21 35 6 1 1 3 9 51 
Nd 13 14 19 4 1 1 4 6 21 



Appendix 3. XRF Data. 

Kizilirmak 
Ophiolite 
Sample P002/82 P003/20 P003/196 P003/202 P002/236 P002/83 P002/248 P002/249 P003/20 
Si02 50.88 45.99 47.20 52.38 72.28 55.55 46.87 46.80 45.99 
A1203 14.53 16.73 20.83 15.96 7.24 14.08 15.54 16.35 16.73 
Fe203 13.32 13.71 5.89 10.42 5.17 8.45 10.09 10.53 13.71 
MgO 4.71 7.42 9.21 6.18 7.31 5.48 6.35 7.79 7.42 
CaO 7.89 11.57 9.51 6.35 1.81 8.48 9.49 7.31 11.57 
Na20 3.84 1.34 2.37 4.51 1.43 5.15 3.71 2.93 1.34 
K20 0.42 0.11 0.06 0.33 0.50 0.04 0.23 0.99 0.11 
Ti02 2.03 0.60 0.10 0.79 0.49 0.78 1.78 1.83 0.60 
MnO 0.17 0.22 0.10 0.15 0.15 0.16 0.18 0.18 0.22 
P205 0.21 0.03 0.01 0.07 0.08 0.05 0.24 0.26 0.03 
LOl 1.64 1.92 4.41 2.28 2.95 1.72 5.05 4.97 1.92 
Total 99.64 99.64 99.68 99.41 99.41 99.94 99.53 99.93 99.64 
Zn 106 105 35 25 63 62 85 89 105 
Cu 55 107 7 6 52 19 61 60 107 
Ni 17 38 57 25 187 21 187 239 38 
Cr 18 62 58 20 408 66 370 465 62 
V 466 566 51 303 111 303 270 285 566 
Ba 84 11 11 18 64 0 31 69 11 
Sc 56 72 24 43 19 49 38 39 72 
Nb 6 1 0 1 7 2 12 13 1 
Zr 162 10 1 41 60 43 149 152 10 
Y 50 18 0 19 14 19 34 35 18 
Sr 192 116 149 154 45 51 111 125 116 
Rb 6 1 1 2 18 0 5 19 1 
La 8 0 -1 -1 9 2 6 5 0 
Ce 25 10 0 2 23 7 20 18 10 
Nd 16 2 -1 3 9 4 13 11 2 



Appendix 3. XRF Data. 

Kizilirmak Ophiolite 
Sample P003/21 P003/196 P003/202 
Si02 49.59 47.20 52.38 
A1203 13.82 20.83 15.96 
Fe203 4.13 5.89 10.42 
MgO 1.46 9.21 6.18 
CaO 13.96 9.51 6.35 
Na20 4.38 2.37 4.51 
K20 0.50 0.06 0.33 
Ti02 0.77 0.10 0.79 
MnO 0.11 0.10 0.15 
P205 0.32 0.01 0.07 
LOl 10.38 4.41 2.28 
Total 99.42 99.68 99.41 
Zn 78 35 25 
Cu 45 7 6 
Ni 33 57 25 
Cr 42 58 20 
V 128 51 303 
Ba 2351 11 18 
Sc 28 24 43 
Nb 2 0 1 
Zr 52 1 41 
Y 57 0 19 
Sr 673 149 154 
Rb 7 1 2 
La 21 -1 -1 
Ce 29 0 2 
Nd 18 -1 3 



Appendix 3. XRF Data. 

Kirazbai Melange 
Sample P002/18 P002/21 P002/27A P002/34 P002/35 P002/56 P002/57 P002/61 P002/73 
Si02 44.57 45.03 47.64 31.77 52.25 47.28 50.48 43.46 48.14 
A1203 16.17 15.27 7.74 12.83 16.68 15.38 13.26 14.33 16.57 
Fe203 11.07 9.88 3.89 7.27 8.15 10.97 12.26 12.96 10.85 
Mg0 7.50 7.49 2.07 8.16 6.60 7.78 5.16 8.07 7.81 
CaO 5.55 7.09 17.06 18.58 6.54 8.65 7.44 8.69 4.85 
Na20 4.83 4.63 0.29 0.19 2.09 3.98 4.09 3.91 3.07 
K20 0.10 0.01 1.58 1.46 1.37 0.52 0.11 0.16 4.56 
1102 2.19 1.46 0.38 0.74 0.98 1.49 2.75 2.63 1.02 
MnO 0.52 0.30 0.29 0.15 0.11 0.18 0.27 0.19 0.18 
P205 0.29 0.16 0.09 0.11 0.15 0.19 0.44 0.41 0.52 
LOl 7.00 8.09 18.44 18.84 4.52 3.96 3.32 4.97 2.00 
Total 99.78 99.41 99.46 100.10 99.43 100.38 99.57 99.78 99.57 
Zn 108 92 68 81 75 94 124 100 129 
Cu 83 79 54 34 44 36 88 98 154 
Ni 89 233 121 66 131 50 6 77 131 
Cr 362 509 198 175 286 82 6 217 7 
V 353 282 88 230 179 245 299 344 371 
Ba 52 13 296 187 114 92 30 66 851 
Sc 77 52 0 26 22 39 31 43 31 
Nb 9 4 8 1 6 15 31 32 11 
Zr 181 128 83 57 148 111 255 147 106 
Y 44 29 21 16 19 25 53 23 25 
Sr 131 277 226 59 371 200 293 396 580 
Rb 2 2 68 45 53 5 0 1 164 
La 8 6 29 4 8 10 17 14 27 
Ce 25 15 42 10 20 22 44 40 50 
Nd 17 11 25 7 11 13 26 23 24 



Appendix 3. XRF Data. 

Kirazbai Melange 
Sample P002/77 P002/78 P002/80 P002/167 P002/204 P002/215 P002/239 P002/244 P002/247 
S102 48.16 49.58 50.64 48.45 52.02 48.48 64.98 39.09 47.87 
A1203 16.64 13.03 15.12 14.21 15.95 14.24 17.95 6.99 15.11 
Fe203 6.46 11.49 11.38 13.11 6.47 12.55 4.72 15.67 12.62 
MgO 6.91 2.02 5.84 6.14 6.72 6.85 0.34 23.43 4.83 
CaO 8.08 9.89 8.59 10.74 11.73 9.62 0.25 4.49 9.79 
Na20 4.57 5.11 4.48 3.48 2.98 3.29 8.92 0.06 3.83 
K20 0.34 0.15 0.40 0.17 0.44 0.13 1.22 0.07 0.76 
Ti02 1.85 2.24 1.31 1.77 0.26 1.74 0.35 0.87 1.38 
MnO 0.20 0.12 0.17 0.21 0.12 0.20 0.01 0.20 0.22 
P205 0.19 0.35 0.12 0.17 0.01 0.16 0.13 0.17 0.15 
LOl 5.97 6.04 1.87 0.95 3.07 2.51 0.79 8.79 3.36 
Total 99.36 100.01 99.93 99.39 99.77 99.76 99.66 99.82 99.92 
Zn 116 116 91 67 35 107 42 104 99 
Cu 274 40 65 9 9 46 11 54 66 
Ni 151 73 51 54 81 61 0 1147 40 
Cr 348 182 82 131 392 175 7 1189 81 
V 273 306 368 278 216 293 6 109 374 
Ba 25 40 136 10 21 18 97 3 69 
Sc 52 32 52 51 51 46 0 6 44 
Nb 12 28 3 4 1 6 165 16 4 
Zr 140 170 86 66 12 142 482 65 101 
Y 45 37 32 26 9 33 34 10 37 
Sr 117 120 361 336 49 230 303 100 86 
Rb 7 3 11 2 6 3 31 4 30 
La 7 17 6 5 2 5 93 12 11 
Ce 20 42 18 13 4 13 190 23 22 
Nd 14 23 10 8 2 8 56 9 14 



Appendix 3. XRF Data. 

Kirazbai Melange 
Sample P002/251 P002/253 P002/258 P002/259 P002/265 P002/267 P002/E4 P002/E6 P002/E7 
Si02 46.54 49.36 41.06 39.17 45.97 47.66 47.45 43.98 55.21 
A1203 20.32 16.06 13.90 15.05 16.62 11.51 13.98 14.49 16.81 
Fe203 6.85 7.19 10.68 9.73 7.20 5.99 14.13 11.55 6.72 
MgO 6.60 9.68 5.13 4.27 5.61 6.23 5.70 4.80 5.01 
CaO 10.03 8.62 11.35 12.08 11.89 8.62 9.13 19.31 8.06 
Na20 3.05 3.49 3.39 2.48 4.30 5.22 3.24 0.21 4.39 
K20 0.64 0.14 0.47 1.27 0.15 0.01 1.41 0.05 0.62 
Ti02 0.87 1.42 1.75 2.28 1.08 0.39 2.82 1.51 0.55 
MnO 0.40 0.70 0.14 0.12 0.24 0.11 0.17 0.21 0.11 
P205 0.07 0.13 0.28 0.40 0.10 0.12 0.35 0.14 0.05 
LOt 4.51 2.69 11.90 12.72 6.34 13.80 1.66 3.25 1.87 
Total 99.87 99.47 100.05 99.57 99.49 99.66 100.05 99.49 99.40 
Zn 57 81 95 117 68 53 141 93 105 
Cu 61 91 30 34 112 16 95 40 160 
Ni 85 62 128 105 241 135 110 18 95 
Cr 262 177 247 93 375 427 288 20 157 
V 192 294 257 342 217 238 312 418 299 
Ba 59 60 44 157 23 60 189 25 175 
Sc 30 58 21 31 37 32 40 38 33 
Nb 3 6 31 47 1 2 36 3 36 
Zr 53 95 127 169 93 38 196 99 192 
Y 15 25 19 25 22 11 34 35 25 
Sr 211 268 303 368 245 335 419 55 392 
Rb 11 1 13 33 2 1 38 1 45 
La 2 4 24 33 2 10 21 4 21 
Ce 6 15 47 68 9 18 48 15 48 
Nd 4 8 23 31 7 11 30 13 27 



Appendix 3. XRF Data. 

Kirazbai Melange 
Sample P003/10 P003/195 P003/199 P003/203 
Si02 52.59 57.70 47.78 47.20 
A1203 14.09 10.14 14.42 14.63 
Fe203 8.16 5.00 10.10 8.63 
MgO 4.04 1.68 5.48 6.95 
CaO 8.83 11.06 9.70 10.62 
Na20 6.28 3.64 4.23 4.46 
K20 0.36 0.76 1.36 0.14 
Ti02 1.87 0.53 1.69 1.14 
MnO 0.09 0.16 0.20 0.20 
P205 0.37 0.12 0.21 0.13 
LOl 2.98 9.03 4.30 5.85 
Total 99.66 99.81 99.47 99.96 
Zn 106 85 106 83 
Cu 81 45 90 66 
Ni 103 16 144 75 
Cr 189 28 219 227 
V 166 107 370 259 
Ba 93 64 76 40 
Sc 27 20 41 41 
Nb 26 11 15 8 
Zr 123 108 118 75 
Y 22 25 39 25 
Sr 331 65 228 79 
Rb 4 19 8 1 
La 19 18 12 5 
Ce 43 36 27 17 
Nd 22 22 15 10 



Appendix 3. XRF Data. 

Yaylaçayi 
Formation 
Sample P002/41 P002/48 P002/49 P002/67 P002/88 P002/102 P002/103 P002/104 
Si02 58.86 45.87 49.49 45.25 43.82 32.52 55.92 55.09 
A1203 8.04 17.68 16.77 15.89 13.71 12.20 16.18 16.12 
Fe203 5.69 12.84 5.35 11.99 7.01 8.23 7.35 8.23 
MgO 5.95 8.95 1.94 5.61 2.68 4.13 2.72 2.07 
CaO 9.98 8.00 6.67 10.74 16.37 21.15 9.45 8.60 
Na20 2.73 0.17 4.03 4.07 2.43 1.72 2.40 2.53 
K20 0.28 0.00 6.66 1.03 0.49 0.46 1.35 1.57 
Ti02 0.13 0.78 0.62 1.00 0.68 0.48 0.61 0.63 
MnO 0.13 0.13 0.14 0.23 0.36 0.24 0.20 0.22 
P205 0.02 0.06 0.28 0.44 0.12 0.08 0.13 0.13 
L0I 7.70 5.20 7.47 3.46 11.74 18.57 3.08 4.29 
Total 99.50 99.67 99.42 99.71 99.41 99.78 99.39 99.48 
Zn 51 117 88 85 121 80 66 61 
Cu 91 59 47 152 165 86 55 55 
Ni 272 23 9 20 18 21 4 3 
Cr 944 55 29 18 40 42 19 21 
V 177 372 185 384 187 338 268 249 
Ba 12 0 1052 893 661 140 276 284 
Sc 38 44 0 28 20 18 33 39 
Nb 0 0 17 9 6 0 0 3 
Zr 7 24 205 101 74 25 86 82 
Y 0 11 26 25 25 11 22 21 
Sr 84 680 704 648 196 254 392 353 
Rb 6 0 170 23 9 7 24 32 
La 1 2 43 18 9 4 14 15 
Ce 0 6 82 37 16 5 25 25 
Nd 0 2 36 20 9 4 12 11 



Appendix 3. XRF Data. 

Yaylaçayi 
Formation 
Sample P002/116 P002/122 P002/126C P002/130 P002/136 P002/150 P002/155 P002/160 P002/176 
S102 69.01 43.25 52.80 46.68 53.67 51.81 45.19 43.49 45.43 
A1203 13.19 14.78 14.17 14.44 17.41 14.91 23.38 17.10 15.62 
Fe203 3.50 7.57 8.85 9.82 8.24 12.00 2.97 12.13 12.17 
MgO 1.77 4.80 7.22 7.76 3.29 6.41 8.74 3.28 6.09 
CaO 3.68 13.19 9.34 10.54 7.35 7.16 15.47 10.15 9.95 
Na20 2.58 4.09 1.98 3.50 2.93 3.92 1.09 4.06 3.86 
K20 1.17 0.92 1.44 0.60 1.36 0.80 0.02 1.64 1.33 
T102 0.38 1.40 0.68 1.43 0.61 1.39 0.07 0.85 1.03 

MnO 0.07 0.16 1.99 0.17 0.13 0.27 0.05 0.10 0.23 

P205 0.07 0.19 0.21 0.15 0.20 0.14 0.01 0.49 0.48 

LOl 3.94 9.35 0.81 4.85 4.44 1.42 2.52 6.54 3.52 

Total 99.37 99.69 99.49 99.94 99.62 100.23 99.51 99.83 99.71 
Zn 54 79 75 83 47 99 21 86 95 

Cu 45 34 3592 118 20 73 77 40 178 

Ni 0 63 73 69 0 31 295 21 21 
Cr 7 129 474 80 7 56 1054 9 17 

V 46 218 375 314 161 393 47 367 388 
Ba 344 134 481 91 233 66 0 686 1269 

Sc 10 36 21 44 19 59 3 26 30 
Nb 5 11 10 13 3 3 0 8 10 

Zr 146 104 100 94 70 89 6 85 103 

Y 31 29 21 26 20 31 0 22 28 
Sr 572 404 547 423 470 304 128 553 432 

Rb 13 13 31 4 23 11 0 23 38 
La 12 10 16 9 14 6 0 27 21 

Ce 23 24 25 20 26 15 0 50 41 

Nd 12 14 11 13 13 9 0 25 23 



Appendix 3. XRF Data. 

Yaylacayi Formation 
Sample P002/177 P002/178 P002/179 P002/180 P002/181 P002/182 P002/189 P002/190 P003/03 
Si02 44.15 43.67 43.54 43.77 43.59 43.19 53.62 76.25 38.70 
A1203 17.04 17.16 16.92 16.64 16.86 17.14 15.52 12.32 20.11 
Fe203 12.19 12.44 11.76 12.18 11.07 12.18 10.28 2.53 13.88 
MgO 6.48 7.06 7.01 7.20 5.93 7.95 5.34 0.60 14.01 
CaO 11.06 10.69 8.56 10.68 9.38 10.44 5.58 0.95 1.51 
Na20 2.85 2.85 3.21 3.59 4.25 2.69 4.94 5.02 0.12 
K20 1.24 0.89 1.74 0.42 1.37 0.68 0.24 0.74 2.39 
T102 0.92 0.92 0.81 0.83 0.80 0.89 1.25 0.43 0.75 
MnO 0.23 0.22 0.22 0.23 0.19 0.23 0.14 0.02 0.32 
P205 0.42 0.44 0.33 0.33 0.37 0.37 0.15 0.07 0.04 
LOl 3.53 3.47 5.37 3.56 5.69 3.68 2.40 0.92 7.58 
Total 100.10 99.81 99.47 99.43 99.50 99.44 99.46 99.85 99.42 
Zn 76 82 79 89 84 75 97 50 184 
Cu 81 47 102 114 86 46 26 6 115 
Ni 25 24 21 38 35 29 35 -8 49 
Cr 10 12 11 26 22 17 116 8 209 
V 366 313 334 379 291 338 264 39 313 
Ba 900 848 835 610 732 497 33 177 368 
Sc 25 19 23 28 21 31 43 12 55 
Nb 5 7 4 4 5 5 4 3 0 
Zr 74 85 67 65 71 64 115 129 10 
Y 19 22 19 19 19 18 35 25 7 
Sr 485 572 602 519 349 522 204 77 9 
Rb 57 43 85 11 80 23 4 12 49 
La 21 23 18 17 20 16 5 10 -1 
Ce 39 40 32 32 36 35 15 22 -2 
Nd 21 21 17 18 18 18 10 12 0 



Appendix 3. XRF Data. 

Yaylacayi 
Formation 
Sample P003/07 P003/19 P003/205 P003/206 P003/209 P003/212 P003/215 P003/216 P003/221 P003/222 
Si02 47.28 54.60 44.35 60.33 47.88 58.86 42.59 43.58 47.17 48.17 

A1203 15.05 15.29 15.93 16.94 16.80 14.48 13.97 17.56 16.17 16.66 

Fe203 13.02 11.85 12.64 6.47 8.09 5.13 15.91 13.55 12.41 8.12 
MgO 3.58 2.40 4.12 0.48 3.64 0.90 1.82 6.75 6.80 4.22 

CaO 6.40 9.72 8.61 2.70 6.37 5.86 9.84 5.38 6.31 6.20 

Na20 5.52 2.02 4.42 9.58 8.33 5.36 4.48 2.52 3.59 6.83 

K20 0.03 0.02 1.03 0.39 0.09 3.57 1.29 2.44 1.07 1.89 

Ti02 1.81 0.86 3.49 0.55 0.97 0.56 2.00 2.55 2.38 0.97 

MnO 0.20 0.20 0.20 0.15 0.22 0.15 0.22 0.16 0.17 0.19 

P205 0.14 0.13 0.65 0.08 0.87 0.24 1.02 0.32 0.31 0.86 

LOl 6.42 2.61 4.15 1.75 6.15 4.33 6.48 5.04 3.68 5.32 

Total 99.45 99.70 99.59 99.41 99.41 99.43 99.60 99.85 100.05 99.43 

Zn 140 99 115 67 109 29 153 150 132 98 

Cu 22 60 24 5 183 18 32 82 83 175 

Ni 11 27 13 -5 4 12 12 176 136 5 

Cr 10 15 5 3 5 62 5 191 180 7 

V 528 359 297 7 398 61 29 294 251 400 

Ba 30 28 273 236 560 951 251 282 109 2331 

Sc 42 42 21 0 9 15 14 30 26 10 

Nb 2 1 75 187 12 12 51 24 23 12 

Zr 95 43 208 680 178 136 344 168 157 176 

Y 38 32 32 64 34 12 48 23 21 33 

Sr 37 70 863 95 476 828 209 255 271 566 

Rb 0 1 17 5 8 85 29 72 28 43 

La 2 4 45 102 60 40 44 12 12 61 

Ce 12 6 98 192 110 63 99 34 33 101 

Nd 11 8 48 75 52 19 54 21 19 43 

Ikicam Formation 



Appendix 3. XRF Data. 

Sample P002/29 P002/30 P002/31 P002/32 P002/60 P002/188 P003/210 P003/220 
Si02 55.36 53.33 61.77 54.54 51.99 44.69 45.81 53.90 
A1203 16.88 16.80 13.85 16.94 15.67 18.00 12.49 16.90 
Fe203 7.30 7.16 6.04 7.38 10.13 10.34 8.10 6.40 
MgO 4.98 2.98 1.81 4.66 6.56 8.69 5.42 4.86 
CaO 6.63 8.22 2.51 7.40 7.51 11.56 12.39 3.48 
Na20 2.81 2.83 2.96 2.75 1.01 2.20 3.01 3.76 
K20 2.23 2.13 1.24 2.15 0.26 0.58 3.27 4.03 
T102 0.60 0.60 0.56 0.59 0.54 0.89 0.90 0.78 
MnO 0.08 0.09 0.07 0.07 0.14 0.32 0.14 0.13 
P205 0.27 0.27 0.17 0.27 0.01 0.07 0.40 0.27 
LOl 2.31 5.30 8.65 2.83 5.52 2.14 7.53 4.98 
Total 99.45 99.70 99.62 99.57 99.33 99.47 99.45 99.49 
Zn 66 66 79 69 85 77 91 101 
Cu 68 73 32 64 66 78 51 69 
Ni 19 22 18 21 21 150 78 49 
Cr 35 41 37 37 102 1085 233 56 
V 197 221 85 205 283 272 228 109 
Ba 734 747 147 745 19 41 1170 1419 
Sc 24 24 11 28 48 51 35 9 
Nb 2 2 14 3 1 3 12 23 
Zr 62 75 129 66 19 52 130 275 
Y 10 11 14 10 7 17 23 30 
Sr 549 804 187 647 101 302 594 594 
Rb 43 52 53 45 6 12 84 123 
La 12 12 27 11 3 3 36 56 
Ce 20 20 51 21 4 7 62 103 
Nd 9 9 19 9 1 6 28 40 



Appendix 4. Electron microprobe Data. 

Electron microprobe data Refahiye Complex 
Si02 Ti02 A1203 Cr203 V203 	FeO MnO NiO ZnO MgO 
0.053 0.047 39.328 29.375 0.178 15.793 0.223 0.169 0.284 15.956 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.066 0.008 39.010 29.793 0.184 15.842 0.240 0.170 0.265 15.882 

0.164 0.016 41.710 26.750 0.178 15.246 0.243 0.184 0.266 16.699 
0.027 0.039 38.246 30.401 0.176 16.020 0.268 0.176 0.263 15.698 

0.062 0.032 51.176 16.589 0.173 13.439 0.154 0.281 0.307 19.125 

0.022 0.028 38.344 30.457 0.185 15.955 0.259 0.177 0.244 15.806 
0.040 0.020 37.780 31.442 0.206 15.839 0.248 0.171 0.212 15.833 
0.072 0.000 0.136 145.133 0.005 0.009 0.421 0.038 0.048 0.023 
0.027 0.000 100.368 0.014 0.001 0.000 0.001 0.014 0.018 0.021 
0.054 0.039 39.003 29.871 0.189 15.405 0.212 0.152 0.263 15.924 
0.039 0.051 37.283 31.099 0.191 16.701 0.263 0.166 0.275 15.424 
0.640 0.038 39.134 26.491 0.189 15.938 0.242 0.173 0.249 16.640 
0.113 0.023 40.031 28.634 0.197 15.817 0.241 0.165 0.296 15.881 
0.044 0.035 38.888 29.946 0.212 15.885 0.240 0.179 0.271 15.835 
1.998 0.017 43.309 21.481 0.152 13.551 0.197 0.162 0.261 20.240 
1.047 0.028 37.241 28.889 0.178 15.411 0.250 0.150 0.245 16.938 
0.064 0.022 43.838 24.352 0.184 14.771 0.243 0.197 0.273 17.128 
0.259 0.037 31.855 25.628 0.147 29.328 0.229 0.137 0.260 13.539 
4.689 0.011 33.743 23.118 0.173 13.987 0.199 0.164 0.206 23.406 
0.093 0.018 43.845 24.523 0.160 14.408 0.222 0.200 0.212 17.248 
0.064 0.016 44.225 24.515 0.170 14.295 0.216 0.230 0.258 17.297 
0.052 0.044 43.361 25.531 0.173 14.622 0.221 0.182 0.244 17.017 
0.039 0.019 41.211 27.626 0.205 15.085 0.252 0.184 0.280 16.476 
0.056 0.021 40.183 29.039 0.193 15.383 0.235 0.186 0.271 16.158 

CaO Na20 Total Comment 
0.000 0.008 101.415 P003188 - Spinet 1 Rim 

P003188 - Spinet 1 Rim 
0.000 0.000 0.000 - 37 microns in 

P003188 - Spinet 1 Rim 
0.000 0.000 0.000 - 37 microns in 

P003188 - Spinet 1 Rim 
0.016 0.016 101.493 - 37 microns in 

P003188 - Spinet 1 Rim 
0.004 0.020 101.480 2 
0.008 0.000 101.320 P003188 - Spinet 1 core 

P003188 - Spinet 1 rim 
0.026 0.022 101.385 on other side 

P003188 - Spinet I core 
0.005 0.012 101.494 2 
0.005 0.012 101.807 P003188 - Spinet 2 
0.019 0.024 145.927 Cr standard 
0.010 0.007 100.481 At standard 
0.009 0.020 101.142 P003188 Spinet 2 
0.000 0.019 101.511 P003188 Spinet 3 core 
0.008 0.014 99.755 P003188 Spinet 3 rim 
0.008 0.008 101.416 P003188 - Spinet 4 Rim 
0.000 0.021 101.556 P003188 Spinel 4 
0.003 0.028 101.398 P003188 Spinet 5 rim 
0.037 0.273 100.688 P003188 Spinet 5 core 
0.016 0.018 101.107 P003188 Spinet 6 rim 
0.000 0.015 101.433 P003188 Spinet 6 core 
0.013 0.065 99.774 P003188 Spinet 6 tine 
0.013 0.004 100.947 P003188 Spinet 6 tine 
0.004 0.007 101.297 P003188 Spinet 6 tine 
0.012 0.006 101.465 P003188 Spinet 6 tine 
0.001 0.018 101.396 P003188 Spinet 6 tine 
0.018 0.018 101.761 P003188 Spinet 6 tine 



Appendix 4. Electron microprobe Data. 

0.042 0.026 39.400 29.770 0.188 15.455 0.231 0.127 0.240 16.049 0.010 0.015 101.552 P003188 Spinet 6 line 
0.041 0.034 38.791 30.170 0.203 15.706 0.272 0.170 0.256 15.897 0.007 0.018 101.563 P003188 Spinel 6 line 
0.049 0.041 38.675 30.506 0.191 15.610 0.286 0.168 0.275 15.805 0.000 0.021 101.627 P003188 Spinel 6 line 
0.055 0.050 38.431 30.966 0.186 15.602 0.269 0.178 0.246 15.772 0.000 0.013 101.769 P003188 Spinel 6 line 
0.080 0.027 42.543 25.864 0.167 14.307 0.225 0.186 0.253 17.248 0.019 0.021 100.938 P003188 - Spinet 7 line 
0.093 0.028 42.380 26.463 0.174 14.396 0.229 0.224 0.247 17.010 0.013 0.029 101.286 P003188 - Spinet 7 line 
0.059 0.018 41.932 26.928 0.181 14.396 0.226 0.212 0.227 16.925 0.007 0.024 101.135 P003188 - Spinel 7 line 
0.064 0.033 41.485 27.269 0.188 14.640 0.227 0.193 0.236 16.765 0.012 0.016 101.127 P003188 - Spinet 7 line 
0.068 0.020 40.525 28.297 0.182 14.816 0.223 0.199 0.232 16.464 0.000 0.010 101.034 P003188 - Spinet 7 line 
0.046 0.036 40.317 28.686 0.168 14.946 0.236 0.171 0.242 16.436 0.015 0.014 101.313 P003188 - Spinet 7 line 
0.048 0.018 40.228 28.742 0.199 14.971 0.236 0.207 0.264 16.352 0.000 0.024 101.289 P003188 - Spinet 7 line 
0.049 0.038 39.879 29.275 0.198 15.014 0.242 0.175 0.219 16.337 0.000 0.008 101.433 P003188 - Spinel 7 line 
0.068 0.040 39.594 29.431 0.181 15.093 0.241 0.180 0.237 16.235 0.012 0.019 101.332 P003188 - Spinet 7 line 
0.073 0.012 39.446 29.432 0.187 15.188 0.223 0.162 0.269 16.138 0.010 0.013 101.155 P003188 - Spinet 7 line 
0.100 0.031 39.171 29.831 0.174 15.091 0.239 0.164 0.223 16.194 0.002 0.017 101.237 P003188 - Spinet 7 line 
0.457 0.037 39.158 29.691 0.190 14.544 0.246 0.182 0.193 16.286 0.380 0.015 101 .379 P003188 - Spinet 8 line 
0.085 0.038 38.334 30.999 0.183 14.695 0.223 0.206 0.188 16.121 0.027 0.007 101.108 P003188 - Spinet 8 line 
0.042 0.047 37.168 32.197 0.200 14.942 0.237 0.196 0.227 15.951 0.030 0.009 101.247 P003188 - Spinel 8 line 
0.033 0.028 36.989 32.284 0.200 15.144 0.258 0.179 0.219 15.970 0.025 0.016 101.344 P003188 - Spinet 8 line 
0.067 0.045 36.850 32.518 0.190 15.247 0.252 0.174 0.220 15.960 0.019 0.012 101.556 P003188 - Spinet 8 line 
0.047 0.039 36.632 32.689 0.193 15.174 0.265 0.172 0.205 15.881 0.024 0.011 101.332 P003188 - Spinet 8 line 
0.041 0.062 36.601 33.017 0.183 15.173 0.247 0.185 0.218 15.855 0.000 0.007 101.588 P003188 - Spinet 8 line 
0.069 0.032 36.396 32.954 0.188 15.167 0.257 0.174 0.179 15.925 0.001 0.013 101.355 P003188 - Spinet 8 line 
0.195 0.069 36.233 33.015 0.177 15.163 0.243 0.186 0.181 15.939 0.018 0.016 101.434 P003188 - Spinet 8 line 
0.049 0.046 36.391 33.181 0.186 15.185 0.254 0.179 0.197 15.831 0.000 0.001 101.500 P003188 - Spinet 8 line 
0.039 0.045 36.340 33.285 0.186 15.120 0.266 0.170 0.179 15.843 0.011 0.006 101.489 P003188- Spinel 8line 
0.026 0.033 38.517 30.512 0.171 16.123 0.242 0.167 0.256 15.669 0.000 0.016 101.732 P003188 - Spinet 9 core 

P003188-Spinet 10 
0.048 0.048 37.219 32.091 0.179 15.571 0.285 0.149 0.207 15.667 0.001 0.002 101.468 core 

P003188-Spinet 11 
0.047 0.040 37.459 31.471 0.203 15.863 0.278 0.168 0.231 15.580 0.000 0.011 101.352 core 

P003188-Spinet 12 
0.026 0.013 39.504 29.511 0.199 15.452 0.271 0.169 0.248 15.937 0.008 0.013 101.353 core 

53.312 0.086 2.511 0.715 0.046 1.949 0.094 0.050 0.000 17.774 24.353 0.091 100.982 P003188 - Olivine 1 



Appendix 4. Electron microprobe Data. 

38.138 0.007 0.982 0.689 0.019 6.098 0.181 0.336 0.035 36.473 0.100 0.011 
56.862 0.035 2.506 0.560 0.023 6.040 0.163 0.091 0.017 35.240 0.329 0.016 
41.084 0.000 0.005 0.014 0.000 9.042 0.135 0.438 0.034 50.578 0.015 0.002 

0.038 0.044 37.870 30.931 0.215 15.895 0.253 0.160 0.225 15.592 0.000 0.008 
3.117 0.037 0.037 0.038 0.003 86.866 0.114 0.039 0.017 1.292 0.153 0.040 

0.076 0.041 38.395 30.498 0.193 15.768 0.266 0.201 0.303 15.784 0.005 0.023 
0.050 0.041 40.187 27.608 0.175 15.795 0.241 0.177 0.301 16.258 0.021 0.014 
0.056 0.045 39.044 29.502 0.186 15.482 0.232 0.174 0.291 16.041 0.000 0.025 

0.033 0.034 38.267 30.544 0.199 15.947 0.254 0.161 0.247 15.757 0.006 0.011 
0.073 0.025 40.658 27.536 0.199 15.550 0.240 0.209 0.267 16.040 0.000 0.013 

0.054 0.013 37.011 31.739 0.206 15.858 0.247 0.162 0.252 15.688 0.002 0.019 
0.077 0.041 41.148 27.776 0.212 15.169 0.243 0.185 0.259 16.359 0.002 0.007 

0.051 0.035 38.891 29.927 0.190 15.629 0.253 0.164 0.288 15.860 0.019 0.010 

41.082 0.009 0.015 0.022 0.010 9.222 0.160 0.407 0.042 50.660 0.022 0.000 
56.118 0.024 3.178 0.734 0.021 6.093 0.160 0.089 0.030 34.225 0.715 0.010 
0.072 0.026 39.043 30.456 0.174 15.710 0.277 0.180 0.249 15.323 0.004 0.009 
0.044 0.008 41.637 27.519 0.173 14.843 0.233 0.249 0.223 16.230 0.018 0.007 

41.182 0.000 0.015 0.030 0.000 9.329 0.131 0.503 0.024 50.163 0.018 0.007 

56.525 0.022 2.733 0.551 0.022 6.179 0.155 0.103 0.040 34.551 0.611 0.000 
0.032 0.040 41.377 27.286 0.159 15.038 0.227 0.199 0.268 16.323 0.022 0.004 
0.048 0.014 39.502 29.142 0.153 16.199 0.265 0.198 0.297 15.132 0.001 0.013 

1.749 0.032 40.550 26.013 0.139 14.613 0.246 0.157 0.268 17.026 0.035 0.014 

0.082 0.061 36.664 32.836 0.174 15.735 0.260 0.172 0.260 15.393 0.008 0.011 

1.516 0.003 0.027 0.000 0.013 37.160 0.023 I//Ill/Ill 0.000 1.878 0.016 0.000 
0.087 0.005 38.799 31.189 0.130 14.579 0.270 0.189 0.221 15.622 0.043 0.021 

0.086 0.028 38.560 29.388 0.160 18.398 0.314 0.172 0.320 13.913 0.011 0.013 

0.021 0.020 42.885 26.284 0.125 14.646 0.237 0.215 0.262 16.487 0.043 0.011 

0.038 0.013 42.422 26.607 0.140 14.615 0.238 0.204 0.272 16.462 0.021 0.013 

0.053 0.018 41.901 27.360 0.156 14.689 0.253 0.220 0.251 16.217 0.009 0.018 

0.040 0.018 41.813 27.697 0.146 14.947 0.244 0.219 0.289 16.207 0.017 0.012 

83.069 P003188 - serp 
101.882 P003188 - opx 
101.347 P003188 - olivine 2 
101.232 P003188-spinel 13 

91.753 P003188 - magnetite 
P003188 - spinel 14 

101.552 core 
100.867 P003188 - spine! 14 rim 
101.077 P003188 - spine! 15 rim 

P003188-spinel 15 
101.460 core 
100.810 P003188 - spine! 16 rim 

P003188-spinet 16 
101.250 core 
101.476 P003188 - spinet 17 rim 

P003188-spinet 17 
101.317 core 
101.651 P003188 - olivine 3 
101.396 P003 76 opxl 
101.524 P003 76 spinel 1 
101.184 P003 76 spinel 1 core 
101.401 P003 76 olivine 1 
101.492 P00376 opx 2 
100.976 P003 76 spinet 
100.962 P003 76 spine! 2 
100.842 P003 76 spine! 3 rim 
101.655 P003 76 spinel 3 core 

82.788 P003 76 sulphide 1 
101.155 P003 76 spinet 4 
101.362 P003 76 spinel 5 rim 
101.236 P003 76 spinel 6 tine 
101.044 P003 76 spinet 6 line 
101.146 P003 76 spine! 6 line 
101.648 P003 76 spine! 6 tine 



Appendix 4. Electron microprobe Data. 

6.369 0.021 27.457 17.121 0.093 30.435 0.261 0.147 0.220 17.081 0.036 0.023 99.263 P003 76 spinet 6 line 
0.009 0.000 0.302 32.755 0.156 1.085 0.311 0.022 0.029 16.096 0.013 0.009 50.786 P00376 spinet 7 rim 
0.003 0.003 0.002 31.492 0.142 0.011 0.252 0.004 0.000 18.151 0.011 0.019 50.092 P0o376spinet7core 
0.056 0.045 42.324 26.687 0.156 15.271 0.239 0.214 0.271 16.287 0.015 0.010 101.574 P003 76 spinet 8 
0.138 0.050 40.431 28.355 0.151 16.414 0.271 0.169 0.256 15.327 0.012 0.013 101.586 P003 76 spinet 9 rim 
0.056 0.032 41.140 28.215 0.147 14.960 0.208 0.178 0.239 16.244 0.009 0.026 101.453 P00376 spinet 9 core 
0.105 0.027 45.281 22.635 0.158 15.568 0.225 0.230 0.321 16.456 0.017 0.007 101.030 P003 76 spinet 10 rim 
0.094 0.016 44.868 23.070 0.150 14.757 0.211 0.244 0.352 16.974 0.004 0.014 100.754 P00376spinet 10 core 
0.129 0.038 40.814 26.742 0.148 17.176 0.250 0.163 0.251 15.492 0.008 0.018 101.230 P00376spinet 11 rim 
0.059 0.039 41.437 26.398 0.156 16.953 0.238 0.181 0.251 15.765 0.010 0.006 101.492 P00376 spinet 11 core 
0.360 0.026 44.473 23.183 0.149 14.785 0.226 0.292 0.224 17.101 0.033 0.014 100.867 P003 76 spinet 12 rim 
0.041 0.047 38.401 30.657 0.139 15.580 0.255 0.167 0.209 15.631 0.021 0.015 101.162 P003 76 spinet 12 core 
0.048 0.019 39.899 28.321 0.146 17.044 0.292 0.179 0.318 14.652 0.012 0.018 100.946 P003 76 spinet 13 rim 
0.042 0.042 39.827 28.861 0.170 15.942 0.234 0.193 0.289 15.757 0.003 0.007 101.368 P003 76 spinet 13 core 
1.259 0.016 41.517 24.047 0.136 15.450 0.230 0.226 0.245 17.951 0.007 0.007 101.091 P003 76 spine! 14 rim 
0.035 0.015 39.728 29.499 0.157 15.493 0.220 0.175 0.260 15.752 0.009 0.003 101.345 P003 76 spinet 14 core 
0.026 0.032 43.806 24.916 0.168 15.690 0.222 0.208 0.332 16.165 0.004 0.000 101.569 P003 76 spinet 15 core 
0.189 0.044 37.984 30.617 0.156 15.792 0.257 0.159 0.268 15.408 0.016 0.000 100.891 P00376 spinet 16 rim 
0.319 0.036 38.592 30.028 0.160 15.947 0.262 0.202 0.241 15.543 0.003 0.013 101.346 P003 76 spine! 16 core 
0.386 0.005 41.871 26.518 0.141 15.603 0.254 0.164 0.275 16.281 0.014 0.008 101.520 P00376 spinet 17 rim 
0.092 0.036 37.407 30.616 0.157 19.181 0.333 0.163 0.293 13.054 0.002 0.012 101.347 P003 76 spinet 17 core 
0.064 0.026 43.701 24.070 0.160 17.698 0.247 0.212 0.510 15.084 0.039 0.016 101.828 P003 76 spine! 18 
0.440 0.040 30.070 24.614 0.146 7.017 0.265 0.084 0.117 16.123 0.038 0.024 78.977 P00376spinel 19 rim 
0.001 0.046 0.000 28.895 0.158 0.014 0.230 0.007 0.001 18.169 0.006 0.009 47.536 P003 76 spinet 19 core 
0.076 0.017 43.663 25.305 0.165 14.888 0.224 0.170 0.329 16.232 0.016 0.016 101.102 P003 76 spinet 20 rim 
0.052 0.032 40.468 28.495 0.162 15.665 0.234 0.195 0.286 15.567 0.002 0.024 101.184 P003 76 spinet 20 core 
0.880 0.025 32.359 25.001 0.146 28.714 0.365 0.168 0.286 12.910 0.014 0.018 100.886 P003 76 spinet 21 rim 
0.040 0.044 39.359 29.737 0.151 15.594 0.241 0.166 0.254 15.764 0.015 0.016 101.379 P003 76 spinet 21 core 
0.053 0.034 41.586 27.749 0.136 14.948 0.247 0.207 0.263 16.207 0.001 0.009 101.439 P003 76 spinet 22 rim 
0.051 0.046 37.771 31.402 0.184 15.717 0.229 0.161 0.262 15.342 0.017 0.002 101.184 Poo376spinet22core 
0.056 0.049 42.224 26.500 0.173 15.552 0.264 0.170 0.296 15.814 0.014 0.024 101.139 PoO376spinet23core 
0.048 0.048 43.412 25.809 0.141 14.696 0.193 0.202 0.307 16.443 0.030 0.018 101.346 P003 76 spinet 24 core 

35.597 0.056 1.695 0.019 0.004 26.772 0.469 0.018 0.013 0.074 32.268 0.005 96.989 andradite 



Appendix 4. Electron microprobe Data. 

	

35.549 0.066 	1.701 	0.026 0.009 26.567 0.468 0.000 0.033 0.078 32.366 0.005 96.869 andradite2 

	

35.492 0.051 	1.708 	0.023 0.004 26.854 0.467 0.001 0.064 0.063 32.436 0.012 97.176 andradite3 

andradite4 after new Fe 
35.453 0.063 1.707 0.014 0.003 27.868 0.435 
0.063 0.086 15.553 51.159 0.213 24.080 0.455 
0.170 0.115 16.109 49.878 0.210 25.517 0.499 
0.062 0.125 16.247 51.506 0.207 23.048 0.426 
0.097 0.081 15.797 52.298 0.198 22.338 0.451 
0.078 0.101 16.250 52.104 0.205 22.379 0.437 
0.075 0.108 15.308 51.333 0.184 23.181 0.468 
0.060 0.104 16.448 52.051 0.179 22.340 0.451 
0.526 0.103 15.732 49.974 0.187 24.323 0.446 
0.023 0.109 16.711 52.148 0.196 21.480 0.375 
0.045 0.103 15.679 51.681 0.187 22.075 0.429 
0.047 0.129 16.484 52.240 0.211 21.197 0.413 
0.080 0.126 15.811 51.391 0.219 23.248 0.437 
0.048 0.133 16.613 51.524 0.212 22.792 0.433 
0.139 0.113 11.235 50.433 0.191 29.215 0.492 
0.045 0.102 8.384 51.862 0.198 31.702 0.538 
0.098 0.121 15.225 52.281 0.201 22.577 0.431 
0.055 0.115 16.520 52.246 0.213 21.799 0.420 
0.065 0.106 12.262 50.639 0.208 30.158 0.600 

0.050 0.127 16.920 52.143 0.203 21.343 0.439 
0.077 0.105 14.557 50.851 0.216 26.728 0.515 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.071 0.111 15.229 51.382 0.209 23.736 0.437 

0.051 0.095 16.167 51.133 0.206 23.131 0.454 
0.077 0.084 15.251 51.403 0.198 23.703 0.435 

0.040 0.113 16.522 51.703 0.193 21.881 0.415 

0.003 0.041 0.058 32.212 0.014 97.871 std 
0.077 0.246 9.995 0.015 0.015 101.956 P003 189 Spinel 1 rim 
0.071 0.289 9.277 0.000 0.022 102.157 P003 189 Spinel 2 rim 
0.068 0.268 9.939 0.000 0.018 101.914 P003 189 Spinet 2 core 
0.062 0.236 10.325 0.010 0.025 101.917 P003 189 Spinel 3 rim 
0.090 0.256 10.083 0.022 0.004 102.009 P003 189 Spinet 3 core 
0.101 0.240 10.435 0.007 0.027 101.468 P003 189 Spinet 4 rim 
0.097 0.234 10.135 0.004 0.014 102.118 P003 189 Spinel 4 core 
0.068 0.190 10.923 0.005 0.040 102.516 P003 189 Spinet 5 rim 
0.062 0.208 10.718 0.003 0.016 102.048 P003 189 Spinel 5 core 
0.072 0.220 10.547 0.000 0.041 101.077 P003 189 Spinel 6 rim 
0.077 0.195 10.951 0.023 0.018 101.985 P003 189 Spinet 6 core 
0.095 0.292 9.566 0.002 0.023 101.290 P003 189 Spinet 7 rim 
0.085 0.264 10.013 0.000 0.018 102.133 P003 189 Spinet 7 core 
0.107 0.240 8.154 0.016 0.000 100.336 P003 189 Spinet 8 rim 
0.098 0.188 7.756 0.019 0.017 100.909 P003 189 Spinel 8 core 
0.086 0.203 10.211 0.000 0.000 101.434 P003 189 Spinet 9 rim 
0.091 0.234 10.501 0.008 0.014 102.217 P003 189 Spinet 9 core 
0.097 0.308 6.135 0.013 0.010 100.602 P003 189 Spinel 10 rim 

P003 189 Spinel 10 
0.063 0.228 10.643 0.014 0.021 102.194 core 
0.069 0.371 7.799 0.000 0.024 101.311 P003 189 Spinel 11 rim 

P003 189 Spinet 11 
0.000 0.000 0.000 0.000 0.000 0.000 core 
0.088 0.277 9.442 0.027 0.038 101.047 P003 189 Spinet 12 rim 

P003 189 Spinet 12 
0.076 0.262 9.847 0.018 0.027 101.467 core 
0.054 0.229 9.634 0.014 0.021 101.103 P003 189 Spinet 13 rim 

P003 189 Spinet 13 
0.049 0.226 10.355 0.001 0.009 101.507 core 



Appendix 4. Electron microprobe Data. 

0.063 0.110 15.316 52.277 0.197 23.304 0.444 0.037 0.182 9.507 

0.056 0.140 16.326 52.280 0.201 22.419 0.410 0.097 0.231 9.996 
0.207 0.320 16.502 51.781 0.192 21.912 0.422 0.079 0.203 10.371 

0.073 0.124 16.685 52.143 0.200 21.138 0.425 0.066 0.168 10.985 
0.033 0.107 15.351 52.930 0.198 21.903 0.414 0.088 0.206 10.230 

0.041 0.103 16.602 52.170 0.214 21.275 0.408 0.059 0.219 10.805 
0.294 0.127 11.003 48.505 0.207 31.672 0.512 0.113 0.249 7.714 

0.049 0.135 16.611 51.076 0.218 22.863 0.454 0.104 0.195 9.988 
0.100 0.116 15.448 51.946 0.191 22.546 0.452 0.067 0.173 10.178 

0.074 0.111 16.565 52.163 0.210 21.709 0.414 0.066 0.168 10.614 
0.054 0.118 15.805 51.186 0.189 23.342 0.436 0.072 0.211 9.840 

0.030 0.115 16.766 51.612 0.197 21.837 0.419 0.086 0.180 10.618 

0.013 0.015 101.463 P003 189 Spinel 14 rim 
P003 189 Spine! 14 

0.005 0.018 102.178 core 
0.024 0.030 102.045 P003 189 Spinel 15 rim 

P003 189 Spine! 15 
0.006 0.013 102.027 core 
0.007 0.052 101.520 P003 189 Spinel 16 rim 

P003 189 Spinel 16 
0.015 0.014 101.927 core 
0.024 0.021 100.442 P003 189 Spine! 17 rim 

P003 189 Spine! 17 
0.000 0.019 101.712 core 
0.025 0.056 101.298 P003 189 Spinel 18 rim 

P003 189 Spine! 18 
0.000 0.023 102.117 core 
0.002 0.001 101.255 P003 189 Spine! 19 rim 

P003 189 Spine! 19 
0.000 0.015 101.876 core 

Si02 Ti02 A1203 Cr203 V203 	FeO MnO 
53.687 0.085 1.579 0.247 0.028 2.095 0.100 
20.080 0.302 23.776 12.698 0.084 13.028 0.190 
52.812 0.136 2.307 0.402 0.012 2.314 0.095 
0.068 0.055 43.949 22.889 0.119 16.233 0.235 
0.068 0.031 45.089 22.028 0.112 16.008 0.230 

42.638 0.008 1.124 0.010 0.000 6.382 0.105 
2.257 0.005 0.037 0.065 0.000 90.968 0.067 
0.037 0.045 44.195 22.354 0.147 16.360 0.211 
0.653 0.077 38.651 24.955 0.141 19.313 0.277 
0.034 0.054 43.567 22.531 0.149 16.876 0.199 
0.049 0.056 43.427 23.526 0.124 16.484 0.217 
0.036 0.084 43.666 22.829 0.114 16.140 0.212 
0.104 0.070 44.138 22.571 0.118 15.699 0.228 
0.023 0.065 43.642 23.550 0.122 16.056 0.196 

NiO ZnO MgO CaO Na20 Total Comment 
0.061 0.041 18.448 24.617 0.116 101.103 P002 E24spinel 1 
0.198 0.103 21.253 6.905 0.021 98.636 P002 E24 spinel 2 rim 
0.089 0.000 18.191 24.217 0.125 100.699 P002 E24 spine! 3 
0.231 0.287 16.979 0.001 0.013 101.061 P002 E24 spine! 4 rim 
0.260 0.280 17.612 0.011 0.000 101.728 P002 E24 spine! 4 core 
0.040 0.022 37.753 0.045 0.012 88.137 P002 E24 pyroxenel 
0.035 0.015 0.348 0.030 0.018 93.844 P002 E24 spine! 5 
0.225 0.290 17.519 0.017 0.014 101.416 P002 E24 spine! 6 
0.197 0.278 16.779 0.012 0.036 101.369 P002 E24 spine! 7 rim 
0.273 0.297 17.004 0.005 0.006 100.993 P002 E24 spine! 7 core 
0.236 0.235 16.866 0.007 0.025 101.252 P002 E24 spine! 8 rim 
0.266 0.233 17.409 0.022 0.020 101.031 P002 E24 spine! 8 core 
0.207 0.270 17.994 0.031 0.019 101.448 P002 E24 spine! 9 rim 
0.260 0.230 17.461 0.008 0.014 101.628 P002 E24 spine! 9 core 
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0.056 0.065 42.192 24.999 0.118 16.123 0.222 0.218 0.199 16.945 

0.038 0.047 43.572 23.442 0.110 15.744 0.179 0.250 0.248 17.486 
0.413 0.038 39.118 23.219 0.115 21.411 0.259 0.176 0.260 16.238 

0.875 0.032 39.484 23.347 0.118 20.476 0.623 0.249 0.289 16.398 
0.121 0.058 41.398 24.011 0.127 17.484 0.215 0.223 0.213 16.362 

0.059 0.069 43.225 23.078 0.135 16.711 0.227 0.231 0.256 16.927 
0.052 0.047 49.277 16.453 0.122 14.721 0.190 0.311 0.308 19.034 

0.026 0.059 41.856 24.922 0.142 17.386 0.230 0.244 0.254 16.407 
1.451 0.068 38.039 24.548 0.135 16.691 0.237 0.215 0.239 19.956 

0.025 0.059 43.076 24.026 0.126 16.391 0.245 0.261 0.223 17.113 
0.176 0.066 38.133 26.857 0.155 18.590 0.249 0.212 0.296 16.395 

0.065 0.046 43.590 22.906 0.123 16.505 0.213 
0.051 0.071 43.395 25.103 0.167 16.621 0.239 
0.049 0.077 41.651 26.076 0.183 16.710 0.258 
1.230 0.056 39.826 21.281 0.129 16.457 0.243 
0.038 0.068 41.885 25.862 0.162 16.068 0.218 
0.055 0.052 44.806 23.178 0.162 16.042 0.217 
0.040 0.049 43.447 23.847 0.158 16.993 0.226 
0.078 0.085 37.692 28.260 0.183 18.218 0.291 
0.038 0.098 38.562 28.825 0.164 17.211 0.256 
0.065 0.080 37.951 30.347 0.174 18.429 0.268 
0.061 0.139 36.379 30.831 0.174 18.509 0.260 
0.039 0.087 41.704 25.183 0.165 17.860 0.257 
0.031 0.107 37.454 29.448 0.154 18.331 0.269 
0.057 0.076 44.535 21.013 0.157 18.305 0.224 
0.038 0.109 37.943 29.859 0.175 18.020 0.269 
1.181 0.065 38.175 27.383 0.188 17.486 0.282 
0.047 0.071 39.711 27.813 0.178 17.107 0.241 

0.242 0.305 17.177 
0.198 0.267 15.910 
0.201 0.271 15.809 
0.180 0.229 18.713 
0.204 0.225 16.267 
0.166 0.331 14.811 
0.192 0.337 15.898 
0.134 0.269 15.548 
0.192 0.226 15.502 
0.125 0.242 14.356 
0.169 0.278 14.515 
0.186 0.294 15.074 
0.144 0.258 14.676 
0.204 0.264 16.487 
0.178 0.235 15.004 
0.168 0.242 16.181 
0.197 0.233 15.738 

0.002 	0.008 101.147 	P002 E24 spinel 10 rim 
P002 E24 spinet 10 

0.009 	0.017 101.140 	core 
0.020 	0.010 101.279 	P002 E24 spinel 11 rim 

P002 E24 spinel 11 
0.055 	0.011 101.955 	core 
0.027 	0.014 100.254 	P002 E24 spine! 12 rim 

P002 E24 spinel 12 
0.008 	0.019 100.946 	core 
0.015 	0.028 100.557 	P002 E24 spinet 13 rim 

P002 E24 spine! 13 
0.017 	0.027 101.569 	core 
0.022 	0.076 101.677 	P002 E24 spine! 14 rim 

P002 E24 spinet 14 
0.006 	0.040 101.591 	core 
0.004 	0.029 101.162 	P002 E24 spine! 15 rim 

P002 E24 spinel 15 
0.004 	0.030 101.205 	core 
0.015 	0.007 102.044 	P001 36 spine! 1 rim 
0.002 	0.020 101.306 	P001 36 spine! 1 core 
0.025 	0.041 98.412 	P001 36 spinet 2 rim 
0.003 	0.018 101.018 	P001 36 spinel 2 core 
0.020 	0.020 99.859 	P001 36 spinel 3 rim 
0.010 	0.017 101.216 	P001 36 spine! 3 core 
0.021 	0.027 100.807 	P001 36 spine! 4 rim 
0.004 	0.029 101.108 	P001 36 spinel 4 core 
0.004 	0.020 102.060 	P001 36 spinel 5 rim 
0.011 	0.015 101.340 	P001 36 spinet 5 core 
0.009 	0.016 100.874 	P001 36 spinel 6 rim 
0.015 	0.008 100.896 	P001 36 spinel 6 core 
0.000 	0.033 101.355 	P001 36 spinet 7 rim 
0.000 	0.009 101.839 	P001 36 spine! 7 core 
0.029 	0.012 101.391 	P001 36 spinel 8 rim 
0.003 	0.025 101.364 	P001 36 spinet 8 core 



Appendix 4. Electron microprobe Data. 

0.170 0.058 42.959 
0.054 0.051 41.530 
0.171 0.063 39.765 
0.024 0.069 41.632 
0.068 0.050 42.407 
0.025 0.053 42.121 
1.089 0.089 39.125 
0.043 0.079 41.100 

Kizilirmak Ophiolite 
0.228 0.047 41.112 
0.027 0.073 40.039 
0.742 0.053 38.241 
0.041 0.046 38.946 
0.061 0.037 40.892 
0.040 0.070 39.641 
0.036 0.068 39.288 
0.044 0.061 39.062 
0.047 0.040 43.048 
0.024 0.059 39.927 
0.129 0.046 38.162 
0.059 0.042 40.959 
0.051 0.048 39.871 
0.021 0.068 38.859 
0.060 0.064 41.418 
0.032 0.058 39.681 
0.019 0.062 36.344 
0.060 0.064 38.261 
0.058 0.057 42.019 
0.033 0.095 38.416 
0.718 0.077 34.254 
0.028 0.100 38.497 
6.784 0.117 28.849 
0.053 0.103 36.475 

23.470 0.147 16.559 0.233 0.182 0.286 15.665 0.009 0.010 99.749 P001 36 spinel 9 rim 
25.771 0.175 17.017 0.264 0.183 0.247 15.562 0.004 0.013 100.871 P001 36 spinet 9 core 
27.169 0.175 16.301 0.229 0.155 0.286 16.163 0.010 0.024 100.510 P001 36 spinet 10 rim 
26.098 0.156 16.761 0.247 0.184 0.302 15.852 0.004 0.016 101.345 P001 36 spinet 10 core 
24.690 0.168 15.898 0.213 0.168 0.230 16.411 0.007 0.006 100.316 POOl 36 spinet 11 rim 
25.857 0.162 15.951 0.205 0.199 0.256 16.138 0.005 0.005 100.977 POOl 36 spinet 11 core 
25.284 0.151 17.505 0.264 0.158 0.236 18.503 0.002 0.015 102.422 POOl 36 spinet 12 rim 
26.571 0.160 16.230 0.245 0.206 0.261 16.142 0.011 0.008 101.055 P001 36 spinet 12 core 

26.677 0.188 17.221 0.251 0.210 0.303 16.247 0.004 0.012 102.499 P002 37 spinet I rim 
27.582 0.169 17.273 0.263 0.176 0.270 15.341 0.006 0.007 101.226 P002 37 spinet 1 core 
27.836 0.177 18.301 0.274 0.125 0.301 16.787 0.009 0.015 102.859 P002 37 spinet 2 rim 
29.106 0.162 17.748 0.247 0.173 0.306 14.946 0.000 0.009 101.731 P002 37 spinet 2 core 
26.082 0.162 16.642 0.230 0.171 0.294 15.421 0.007 0.012 100.009 P002 37 spinet 3 rim 
28.538 0.161 17.322 0.246 0.163 0.272 15.118 0.010 0.011 101.592 P00237 spinet 3 core 
28.163 0.162 17.277 0.258 0.169 0.280 14.745 0.000 0.002 100.449 P002 37 spinet 4 rim 
28.818 0.174 17.303 0.259 0.164 0.284 15.013 0.000 0.014 101.197 P002 37 spinet 4 core 
23.229 0.135 15.625 0.218 0.192 0.314 17.175 0.006 0.015 100.045 P002 37 spinet 5 rim 
27.639 0.138 17.034 0.245 0.209 0.295 15.626 0.014 0.013 101.224 P002 37 spinet 5 core 
30.111 0.140 18.567 0.273 0.143 0.330 14.557 0.014 0.013 102.484 POO237spineI6rim 
26.431 0.153 18.031 0.272 0.157 0.370 15.076 0.000 0.008 101.558 P002 37 spinet 6 core 
27.448 0.143 17.376 0.256 0.149 0.264 15.427 0.000 0.008 101.043 P002 37 spinet 7 rim 
28.849 0.145 17.711 0.289 0.178 0.273 14.954 0.000 0.009 101.357 P002 37 spinet 7 core 
24.787 0.147 18.441 0.256 0.204 0.252 15.404 0.016 0.008 101.056 P002 37 spinet 8 rim 
27.840 0.156 17.831 0.274 0.164 0.276 15.141 0.008 0.016 101.477 P002 37 spinet 8 core 
31.142 0.170 18.886 0.304 0.173 0.273 13.940 0.020 0.009 101.341 P002 37 spine! 9 rim 
29.366 0.149 17.840 0.265 0.161 0.270 14.715 0.017 0.013 101.180 P002 37 spinet 9 core 
24.202 0.144 17.940 0.250 0.198 0.236 15.886 0.000 0.020 101.010 P002 37 spinet 10 rim 
28.894 0.172 18.015 0.255 0.174 0.251 14.809 0.021 0.002 101.137 P002 37 spinet 10 core 
30.776 0.180 20.728 0.292 0.139 0.245 14.640 0.017 0.010 102.077 P00237spineI 11 rim 
29.016 0.166 18.172 0.278 0.175 0.291 14.727 0.009 0.004 101.464 P00237spinet 11 core 
22.451 0.135 22.770 0.350 0.153 0.177 20.771 0.017 0.016 102.589 P00237 spinet 12 rim 
31.141 0.164 18.573 0.249 0.125 0.226 14.579 0.009 0.009 101.707 P00237 spinet 12 core 



Appendix 4. Electron microprobe Data. 

Kirazbai Melange 
0.076 0.029 15.725 51.825 0.410 22.329 0.467 0.061 0.310 9.352 0.009 0.006 100.599 P002 71 spine! 1 rim 
0.060 0.021 15.206 53.923 0.384 21.583 0.440 0.054 0.315 9.415 0.007 0.027 101.435 P00271 spine! I core 
0.360 0.004 23.433 44.723 0.331 21.140 0.406 0.056 0.421 10.729 0.015 0.021 101.638 P00271 spine! 2 rim 
0.076 0.018 20.198 47.755 0.378 21.418 0.451 0.066 0.336 9.876 0.068 0.013 100.652 P002 71 spinet 2 core 
0.048 0.027 15.452 53.870 0.348 20.652 0.449 0.059 0.246 9.732 0.021 0.013 100.916 P002 71 spine! 3 rim 
0.064 0.020 13.800 56.486 0.369 19.933 0.430 0.044 0.240 10.141 0.000 0.037 101.563 P002 71 spine! 3 core 
1.109 0.011 17.884 49.621 0.380 20.837 0.467 0.065 0.296 11.437 0.015 0.022 102.144 P002 71 spine!4 rim 
0.076 0.017 15.088 55.038 0.369 20.680 0.465 0.047 0.255 9.656 0.021 0.015 101.726 P002 71 spinet 4 core 

57.356 0.003 0.906 0.399 0.027 5.713 0.165 0.091 0.020 35.453 1.346 0.007 101.486 P00271 pyroxene 
0.051 0.000 16.209 54.280 0.356 19.455 0.403 0.053 0.264 10.940 0.011 0.014 102.037 P00271 spine! 5 rim 
0.064 0.026 13.942 56.423 0.371 19.658 0.447 0.075 0.240 10.399 0.013 0.014 101.672 P002 71 spine! 5 core 
0.096 0.034 14.124 55.450 0.354 20.227 0.424 0.042 0.187 10.567 0.000 0.008 101.513 P002 71 spinet 6 rim 
0.048 0.026 13.046 56.772 0.352 20.275 0.480 0.040 0.204 10.054 0.010 0.014 101.322 P002 71 spinet 6 core 

10.152 0.012 14.813 34.587 0.267 21.458 0.333 0.162 0.256 20.848 0.032 0.029 102.948 P00271 spine! 7 rim 
0.047 0.039 16.237 52.372 0.386 21.352 0.447 0.069 0.276 9.743 0.007 0.019 100.995 P002 71 spine! 7 core 
0.384 0.000 16.644 50.569 0.392 19.943 0.442 0.057 0.225 11.631 0.012 0.003 100.303 P002 71 spine! 8 rim 
0.109 0.032 12.841 57.864 0.340 19.518 0.427 0.049 0.176 10.397 0.028 0.008 101.790 P002 71 spinet 8 core 
0.054 0.029 14.493 54.964 0.371 20.420 0.431 0.062 0.232 9.945 0.005 0.023 101.029 P002 71 spinet 9 rim 
0.070 0.025 13.327 56.700 0.374 20.410 0.474 0.044 0.225 9.975 0.008 0.013 101.645 P002 71 spine! 9 core 
0.259 0.025 19.358 48.675 0.371 21.215 0.427 0.045 0.401 10.979 0.099 0.024 101.879 P00271 spine! 10 rim 
0.087 0.004 18.012 50.984 0.388 21.506 0.479 0.054 0.412 9.522 0.044 0.025 101.516 P002 71 spine! 10 core 
0.075 0.011 14.698 54.615 0.370 21.628 0.474 0.038 0.264 8.976 0.003 0.023 101.176 P00271 spinel 11 rim 
0.038 0.024 13.821 56.150 0.347 20.946 0.492 0.044 0.282 9.339 0.000 0.031 101.512 P002 71 spinet 11 core 
0.036 0.020 14.939 53.905 0.365 20.777 0.460 0.070 0.211 10.103 0.028 0.005 100.920 P00271 spine! 12 rim 

0.081 0.049 12.431 58.242 0.337 19.411 0.442 0.065 0.203 10.545 0.018 0.015 101.839 P00271 spinet 12 core 
14.319 0.000 17.165 25.801 0.211 18.225 0.305 0.157 0.272 25.296 0.075 0.055 101.882 P0035 spine! I rim 

0.066 0.001 24.927 43.501 0.330 20.501 0.393 0.055 0.376 11.187 0.019 0.006 101.363 P0035spine! 1 core 

0.086 0.030 23.805 44.374 0.268 19.345 0.337 0.098 0.232 12.475 0.014 0.014 101.078 P003 5 spine! 2 rim 
0.039 0.022 20.419 49.745 0.261 18.701 0.389 0.083 0.229 11.878 0.002 0.006 101.772 P0035spine!2core 

0.145 0.020 23.226 44.551 0.282 20.411 0.383 0.079 0.255 11.806 0.009 0.013 101.182 Poo35spinet3rim 

0.046 0.000 21.148 48.453 0.248 18.895 0.384 0.060 0.245 11.777 0.006 0.014 101.276 P0035 spinet 3 core 
0.051 0.030 22.089 46.313 0.293 19.586 0.375 0.087 0.243 11.843 0.000 0.019 100.929 P003Sspine!4rim 



Appendix 4. Electron microprobe Data. 

0.049 0.020 20.023 48.797 0.279 18.988 0.407 0.073 0.225 11.952 0.172 0.010 100.994 P0035 spinet 4 core 
0.324 0.023 26.726 40.653 0.305 19.230 0.345 0.079 0.391 12.258 0.033 0.019 100.388 P003 5 spinet 5 rim 
0.293 0.008 25.652 41.163 0.295 20.741 0.414 0.075 0.407 11.593 0.024 0.007 100.672 P0035 spinet 5 core 
0.087 0.017 28.460 39.708 0.313 19.580 0.352 0.093 0.387 11.960 0.010 0.003 100.971 P003 5 spinet 6 rim 
0.056 0.010 27.339 41.078 0.318 19.563 0.364 0.083 0.392 11.730 0.031 0.018 100.983 P003SspineI6core 
0.070 0.022 26.672 41.194 0.305 19.597 0.372 0.064 0.368 11.749 0.015 0.021 100.449 Poo35spinel7rim 
0.094 0.016 26.685 40.901 0.300 19.578 0.360 0.071 0.335 11.890 0.026 0.013 100.268 P0035 spinet 7 core 
0.083 0.010 25.375 41.004 0.342 21.752 0.393 0.098 0.391 10.963 0.022 0.023 100.457 P0035 spinet 8 rim 
0.072 0.024 25.388 40.547 0.342 22.138 0.397 0.067 0.423 11.096 0.017 0.023 100.535 P0035 spinet 8 core 
0.097 0.022 25.397 41.896 0.324 20.637 0.416 0.082 0.365 11.279 0.005 0.041 100.562 P0035 spinet 9 rim 
0.128 0.010 23.304 39.720 0.247 23.449 0.392 0.046 0.382 12.037 0.018 0.031 99.765 P003 5 spinet 9 core 
0.075 0.035 22.085 46.410 0.270 19.894 0.367 0.075 0.211 11.798 0.023 0.012 101.255 P0035 spinet 10 rim 
0.058 0.020 21.201 48.420 0.271 18.706 0.375 0.056 0.232 11.907 0.018 0.007 101.272 Poo3sspinetlocore 
0.209 0.017 27.035 40.482 0.306 20.374 0.347 0.073 0.283 12.524 0.002 0.024 101.676 P0035 spinet 11 rim 
0.074 0.009 20.971 48.326 0.306 19.510 0.412 0.051 0.235 11.446 0.000 0.018 101.358 P0035 spinet 11 core 
0.053 0.021 17.185 51.204 0.314 21.340 0.443 0.079 0.243 10.482 0.016 0.005 101.385 P00381 spinet 1 rim 
0.059 0.021 15.832 54.052 0.299 19.429 0.421 0.059 0.188 11.040 0.017 0.007 101.423 P00381 spinet 1 core 
0.758 0.026 8.428 23.383 0.131 58.677 0.243 0.447 0.115 6.671 0.000 0.007 98.886 P003 81 spinet 2 rim 
0.076 0.011 16.177 53.738 0.299 19.429 0.417 0.069 0.203 11.155 0.003 0.016 101.592 P00381 spinet 2 core 

13.586 0.012 12.910 34.960 0.232 16.292 0.304 0.106 0.169 25.025 0.008 0.009 103.615 P00381 spinet 3 rim 
0.045 0.019 16.959 52.214 0.339 20.489 0.414 0.061 0.233 10.610 0.004 0.011 101.398 P00381 spinet 3 core 
0.704 0.010 17.545 39.688 0.308 30.964 0.406 0.144 0.358 9.850 0.000 0.022 99.998 P003 81 spinet 4 rim 
0.444 0.013 19.229 45.875 0.342 23.824 0.441 0.068 0.437 10.211 0.000 0.026 100.909 P003 81 spinet 4 core 
0.078 0.000 0.009 0.039 0.000 8.765 0.047 72.141 0.018 0.070 0.013 0.000 81.181 P003 81 unknown 
0.058 0.018 18.047 51.769 0.319 18.769 0.386 0.062 0.203 11.772 0.003 0.026 101.433 P003 81 spinel5 rim 
0.053 0.021 16.057 53.584 0.300 19.483 0.387 0.071 0.209 10.958 0.006 0.015 101.144 P003 81 spinet 5 core 


