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ABSTRACT 32 

 33 

A number of suture zones exist in Turkey, which is believed to represent the closure of 34 

Paleo and NeoTethyan oceanic basins. Regarding the development of the latter oceanic 35 

entity, namely Neotethys, the geodynamic evolution of the Intra-Pontide branch, the 36 

northernmost one of a number of oceanic basins remains enigmatic. The Intra-Pontide 37 

Suture Zone (IPSZ) in Northwest Turkey includes several tectonic units most of which 38 

are characterized by the occurrence of mafic rocks with distinct geochemical signatures. 39 

In this paper, the mafic rocks collected from four of these units (the Domuz Dağ Unit, the 40 

Saka Unit, the Daday Unit and the Arkot Dağ Mèlange) have been studied in detail along 41 

two selected transects.  42 

The Domuz Dağ Unit is characterized by amphibolites, micaschists and marbles, which 43 

have been overprinted by low-grade metamorphism.The Saka Unit is in turn represented 44 

by an assemblage of slices of amphibolites, marbles and micaschists metamorphosed 45 

under upper amphibolite facies metamorphic conditions in the Late Jurassic time. In these 46 

units, the amphibolites and their retrograded counterparts display E-MORB-, OIB- 47 

BABB- and IAT-type signatures. The Daday Unit is characterized by metasedimentary 48 

and metamafic rocks metamorphosed under blueschist to sub-greenschist facies 49 

conditions. The metamafic rocks comprise actinolite-bearing schists and Na-amphibole-50 

bearing varieties possibly derived from basaltic and gabbroic protoliths. They have a 51 

wide range of chemical compositions, displaying N-MORB-, E-MORB-, OIB- BABB- 52 

and IAT-type signatures. The Arkot Dağ Mèlange consists of a Late Santonian 53 

assemblage of slide-blocks mainly represented by basaltic lithologies showing affinities 54 

ranging from N-MORB- and IAT- to BABB-type magmas. 55 

The geochemical signature of the studied mafic rocks indicates that the tectonic units 56 

documented along the two studied transects of the Intra-Pontide Suture Zone have been 57 

derived from a supra-subduction zone. This hypothesis corroborates the available data 58 

collected from the Aylı Dağ Ophiolite Unit cropping out in the westernmost studied 59 

transect. This finding can provide new insights for the reconstruction of the geodynamic 60 

history of the Intra-Pontide domain. 61 

 62 

Key word: mafic rocks, ophiolites, geochemistry, Intra-Pontide Suture Zone, Turkey,   63 
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INTRODUCTION 64 

 65 

The alpine collisional belts of the Eastern Mediterranean area are characterized by an 66 

assemblage of continental terranes separated by several numbers of suture zones (e.g. 67 

Göncüoğlu et al. 1997). The Anatolia peninsula is one of the best examples of this 68 

structural setting, where each of the suture zones, in fact, was derived by the convergent-69 

related processes that have affected both the oceanic basins and the neighboring 70 

continental margins. As a result, each suture zone consists of an assemblage of variably 71 

deformed and metamorphosed continental and oceanic units, including: ophiolite 72 

sequences (derived from different geodynamic settings), magmatic arc fragments, 73 

ophiolite-bearing mélange and successions representative of the continental margins.  74 

Several suture zones are identified in Turkey, which are generally believed to represent 75 

the closure of Tethyan ocean basins (e.g. Şengör and Yılmaz 1981). Of these, the Intra-76 

Pontide suture (IPS) zone (Şengör and Yılmaz 1981; Göncüoğlu et al. 1987; Yılmaz 77 

1990; Göncüoğlu and Erendil 1990; Yılmaz et al. 1995; 1997; Okay and Tüysüz 1999; 78 

Elmas and Yiğitbaş 2001; Robertson and Ustaömer 2004; Göncüoğlu et al. 2008; 79 

Robertson and Ustaömer 2011) is the less studied one. There is very poor data available 80 

on this suture zone, mainly about its eastern outcrops. As a consequence, despite its 81 

importance for the geodynamic reconstruction of the Eastern Mediterranean area during 82 

the Mesozoic-Early Tertiary time, its geodynamic evolution is thus poorly understood. 83 

Since the geochemical signatures of the mafic rocks contain important clues about the 84 

tectonic setting from which they have originated (e.g. Pearce 1983; Condie 2005; Sayit et 85 

al. 2010), they represent an important tool for the geodynamic reconstruction. These 86 

geochemical fingerprints can provide important information about the occurrence of 87 

different types of oceanic basins, the development of a magmatic arc or the presence of 88 

rifting-related magmatism (e.g. Saccani et al. 2003; Göncüoğlu et al. 2012). The 89 

petrogenetic implications derived from a geochemical study may also be important to 90 

correlate or compare mafic rocks that have experienced distinct metamorphic conditions. 91 

Since the geochemical signatures reflect the nature of protolith, they are better indicators 92 

to trace the origin than the degree of metamorphism.  93 

In this study, we present a detailed geochemical study on mafic rocks from the eastern 94 

sector of the IPS zone along the Boyali - Daday and Tosya - Emirköy transects. The 95 

collected data and their comparison with data on mafic rocks of the surrounding areas are 96 
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discussed in order to provide a reconstruction of the geodynamic evolution of the IPS 97 

zone. 98 

 99 

OVERVIEW OF THE MAFIC ROCKS FROM THE INTRA-PONTIDE SUTURE 100 

ZONE 101 

 102 

The geological setting of the Anatolia can be described as an assemblage of continental 103 

microplates enclosed between the margins of the Eurasian plate to the north, and the 104 

Afro-Arabian plate to the south (Fig. 1). All these microplates are separated by ophiolite-105 

bearing suture zones of different ages that mark the areas where the PaleoTethyan and 106 

NeoTethyan oceanic basins were destroyed by the subduction and/or obduction processes 107 

since the Late Paleozoic time (e.g. Okay and Whitney 2010). Among these suture zones, 108 

the IPS zone is regarded as the boundary between the Istanbul-Zonguldak (IZ) and 109 

Sakarya (SK) composite terranes, extending more than 400 km between Northwest and 110 

Central Turkey (Şengör et al. 1980; Tüysüz 1990; Robertson and Ustaömer 2004, 111 

Göncüoğlu et al. 2008) (Fig. 1). The IZ terrane overlays the assemblage of oceanic and 112 

continental units of IPS zone, which, in turn, are thrust onto the SK terrane (Şengör and 113 

Yılmaz 1981; Okay et al. 1996; Okay 2000), an about 1500 km long and 120 km wide 114 

fragment made up of a number of oceanic and continental units. 115 

The IZ terrane crops out as an about 400 km long and 70 km wide belt, located to the 116 

north of the IPS zone at the southwestern margin of the Black Sea (Fig.1). This terrane 117 

includes a Neoproterozoic basement unconformably overlain by a very thick, continuous 118 

sedimentary sequence of Ordovician to Carboniferous age, which is only weakly 119 

deformed during the Variscan orogeny (e.g. Görür et al. 1997). The non-metamorphic 120 

Paleozoic sequence of Zonguldak Unit of the IZ terrane is in turn unconformably overlain 121 

by a thick sequence of Late Permian-Paleocene sedimentary deposits, also including Late 122 

Cretaceous andesite-bearing volcanoclastic sediments.  123 

The SK terrane (i.e. the Sakarya continent of Şengör and Yılmaz 1981) is represented by 124 

a Variscan continental basement tectonically coupled with a variably deformed and 125 

metamorphosed Triassic subduction/accretion complex known as the Karakaya Complex 126 

(Tekeli 1981; Okay et al. 1996; Okay 2000; Okay and Göncüoğlu 2004). The 127 

deformation and the metamorphism documented in the Karakaya Complex occurred in 128 

the Latest Triassic as result of the “Cimmerian orogenesis” which may have resulted from 129 

the north-dipping subduction of the PaleoTethys oceanic lithosphere below the Laurasia 130 



 5 

continental margin (e.g. Robertson and Ustaömer 2012). Alternatively, this orogenic 131 

event may be linked to a southerly subducting Paleotethys beneath the northern margin of 132 

Gondwana (e.g. Göncüoğlu et al. 2000; Sayit and Göncüoğlu 2013). The Karakaya 133 

Complex is unconformably covered by a non-metamorphic Early Jurassic – Middle 134 

Paleocene sedimentary cover, whose upper part is represented by foredeep deposits 135 

known as Tarakli Flysch (Catanzariti et al. 2013).  136 

The IPS zone can be depicted as an assemblage of continental and oceanic units, each 137 

with different age, metamorphic imprint and deformation history (Figs. 2 and 3). This 138 

assemblage includes ophiolite sequences, ophiolite-bearing mélanges and slices of 139 

metamorphic rocks, probably derived from a wide domain including the Intra-Pontide 140 

Oceanic (IPO) basin.  141 

Despite their importance, the geochemical data from the mafic rocks from the IPS zone 142 

are scarce. Some of these data, however, are accompanied by precise age findings and 143 

hence have provided crucial information on the tectono-magmatic evolution of the IPO 144 

basin. To the East of Bolu, for example, a huge slide block of basalt in the Arkot Dağ 145 

Mélange (Göncüoğlu et al. 2008) is associated with the Late Jurassic cherts and displays 146 

MORB-like signatures. Another tight constraint comes from the Ayli Dağ Ophiolite 147 

located to the north of Araç town. Here, the basalts interbedded with Middle Jurassic 148 

cherts show affinities to BABB-type magmas generated at oceanic back-arc systems 149 

whereas IAT-type basalts also exist, but they occur in subordinate amounts. BABB- and 150 

IAT-type signatures have also been reported from a slide-block within the Arkot Dağ 151 

Mélange (Göncüoğlu et al. 2014). Apart from these studies focusing on the ophiolitic 152 

assemblages, the previous work on the geochemistry of the metamorphic rocks comes 153 

from the study of Ustaomer and Robertson (1999). These authors reported IAT-, MORB- 154 

and WPB-type signatures from the low-grade metamorphic unit defined as the 155 

“Domuzdağ-Saraycikdağ Complex” which is partially equivalent to the Daday Unit in the 156 

present study. 157 

 158 

 159 

THE BOYALI-DADAY AND TOSYA – EMIRKÖY TRANSECTS 160 

 161 

In Central Turkey, the easternmost segment of the IPS zone is well exposed along two 162 

north-south trending transects, hereafter referred to as Boyalı-Daday and Tosya-Emirköy 163 

transects (Fig. 1). The first transect runs from the Boyalı to Daday villages across the 164 
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Ayli Dağ Mountain and the Araç valley (Fig. 2), whereas the second transect starts from 165 

the north of Tosya town and continues northward across the Ilgaz Mountains up to the 166 

Emirköy village (Fig. 3).  167 

In both transects, the IPS zone consists of an imbricate stack of different tectonic units, 168 

including metamorphic rocks, ophiolites as well as slices of mélange (Fig. 4).  169 

The Early Eocene sedimentary deposits of the Safranbolu - Karabük Basin seal the 170 

relationships among the IPS units cropping out in the Araç and Kara valleys (e.g., 171 

Yigitbas et al. 1999). These deposits are exposed in the Araç Valley along the Boyali-172 

Daday transect, whereas in the Tosya-Emirköy transect the Eocene succession has been 173 

recognized north of the Cebeci village. Thus, the development of the imbricate stack can 174 

be regarded in both transects as the result of pre-Eocene thrusting events affecting the 175 

different units of IPS zone that are already deformed (Catanzariti et al. 2013).  176 

Concerning the metamorphic units, field evidences (i.e. the occurrence of clasts of 177 

foliated and metamorphic rocks within the Eocene deposits) indicate that the ductile 178 

deformations as well as the metamorphic imprints predate the sedimentation of the Early 179 

Eocene deposits (Okay et al. 2013; Marroni et al. 2014). 180 

Moreover, since Miocene the multiple events of transpression and transtension related to 181 

the North Anatolian Fault (NAF) have strongly reworked the original structural setting of 182 

the imbricate stack of the IPS zone. These events produced sub-vertical strike-slip faults 183 

and low-angle reverse faults that cross cut both the boundaries of the different units of 184 

IPS zone and the Eocene deposits (Şengör et al. 2005; Ellero et al. 2015).  185 

In the study areas, the imbricate stack of the IPS zone consists of six distinct tectonic 186 

units: the Aylı Dağ Ophiolite (e.g. Göncüoğlu et al. 2012), the Arkot Dağ Mélange (e.g. 187 

Göncüoğlu et al. 2014) and four metamorphic units, referred to as Emirköy (Ballidağ-188 

Küre; Yiğitbaş et al. 1999), Daday (Göncüoglu et al. 2014), Saka (Okay et al. 2006; cfr. 189 

Devrekani Unit of Göncüoglu et al. 2014 and Marroni et al. 2014) and Domuz Dağ Units 190 

(Ustaömer and Robertson 1993; Okay et al. 2006) (Fig. 5). A correlation chart with the 191 

previous literature based on both metamorphic/lithological features and location in the 192 

geological maps is shown in table1. 193 

This imbricate stack is probably the result of several episodes of out-of-sequence thrusts 194 

that affected the whole IPS zone. The imbricate stack is thrust over the sedimentary cover 195 

of the Sakarya Terrane, whose top is represented by the Tarakli Flysch of Late 196 

Cretaceous-Middle Paleocene age (Catanzariti et al. 2013). The units from IPS zone are, 197 
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in turn, topped by the klippen of the IZ terrane as recognized west of the Siragomu town 198 

(Fig. 2).  199 

Non-metamorphic volcanic rocks, mainly andesites occur within slices along the NAF in 200 

the both the investigated transects. These slices consist of a sequence of lava flows (both 201 

massive and pillow lava) and volcanoclastic sediments. The lava flow is generally 202 

alternated with matrix-supported volcanoclastic breccia levels. This sequence shows a 203 

transition to carbonate turbidites consisting of beds of limestone, marlstone and shales. 204 

Volcanoclastic arenites are found interlayered with the carbonate turbidite. These 205 

successions can be correlated with the Campanian-Maastrichtian Yaylacay and Yaprakli 206 

Formations of Rice et al (2006).  207 

The detailed analyses of the relationships among the different units of the IPS zone allow 208 

to create a reconstruction of the pristine tectonic relationships among the different 209 

tectonic units. This reconstruction includes the metamorphic units showing at its top the 210 

Arkot Dağ Mélange and the ophiolite unit (Fig. 4).  211 

The four metamorphic units are characterized by different metamorphic histories. It must 212 

be noted, however, that the definition and distribution of these metamorphic units differs 213 

between previous studies, which makes a direct correlation with literature impossible. 214 

Because of this, Göncüoğlu et al. (2014) had chosen the name Devrekani Unit for the 215 

higher-grade metamorphic units, which included different tectonostratigraphic entities, 216 

such as the Saka and Domuzdağ Complexes of Okay et al. (2013), Elekdağ and Karakaya 217 

Units of Tüysüz (1990) and Kargi and Domuzdağ-Saraycik Complexes of Ustaömer and 218 

Robertson (1993). However, to differentiate this unit from the homonymous metamorphic 219 

rocks to the Northwest of Kastamonu and because of priority reasons we preferred to 220 

change the name of this unit to Saka Unit.  221 

The Domuz Dağ Unit has been recognized in the Tosya-Emirköy transect (Figs. 3 and 5) 222 

where it widely crops out mainly in the northern sectors. This unit has been originally 223 

defined by Okay et al. (2006) as an assemblage of quartz-mica schists, metabasites, 224 

marbles, quarzites and metaserpentinites. The metabasites range from eclogites to garnet- 225 

and glaucophane-bearing amphibolites and albite- and chlorite bearing schists. The 226 

eclogite inlayers found in the metaserpentinites from the northern areas show the peak 227 

conditions at 490 ± 20°C and 1.7 ± 0.02 GPa that took place in the Early Cretaceous on 228 

the basis of 
40

Ar-
39

Ar age dating (~105 Ma, Okay et al. 2006). In this paper, the name 229 

Domuz Dağ Unit is used with a broader sense, according to the prevalence in the study 230 

area of marbles, micaschists and amphibolites (Fig. 6a and b), the latters with or without 231 
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glaucophane. These rocks as well as the eclogites underwent to a retrograde metamorphic 232 

path under P and T conditions typical of greenschist facies metamorphism (Okay et al. 233 

2006). The Domuz Dağ unit records a polyphase deformation history very similar to what 234 

is documented in the Saka Unit. The last three deformational phases occurred under 235 

retrograde metamorphism ranging from greenschist to very low-grade metamorphic 236 

conditions.  237 

The outcrops of the Saka Unit have been identified along the Boyalı-Daday transect (Figs 238 

2 and 5) only in three localities (cf. the Saka complex of Okay et al. 2013). It is always 239 

sandwiched between the ophiolites of the Ayli Dağ Ophiolite unit or the Arkot Dağ 240 

Mélange and the Daday Unit. Along this transect, this unit is not thicker than 300 m. It is 241 

represented by garnet-bearing amphibolites, coarse-grained banded amphibolites, garnet-242 

bearing micaschists and coarse-grained impure marble (Fig. 6c and d). The Saka unit 243 

records a polyphase deformation history that includes four phases (D1-D4). This resulted 244 

in a complex structural setting, as recognized in all the studied outcrops, where the 245 

lithologies are folded together since the D2 deformational phases. The polyphase 246 

deformation history developed under decreasing P and T conditions. The metamorphic 247 

peak documented in the garnet-bearing amphibolites, occurred at temperatures of ~600°C 248 

and pressure of 0.80–0.99 GPa (Marroni et al. 2014) during Late Jurassic (~163 Ma: 249 

40
Ar-

39
Ar dating, Marroni et al. 2014). The garnet-bearing amphibolites underwent a 250 

retrograde metamorphism ranging from greenschists to sub-greenschist facies conditions 251 

(Marroni et al. 2014). 252 

The Daday Unit (cf. the Kargi complex of Okay et al. 2006) in both Boyalı-Daday and 253 

Tosya-Emirköy (Figs. 2,3 and 5) transects consists of slices of fine-grained actinolite-254 

bearing schists, fine-grained marbles, paragneisses, mica-bearing schists and black 255 

quartzites (Fig. 6e and f). Around the Tuzakli Dam (Fig. 2) the Daday unit (partly 256 

corresponding to the Martin, Esenler and Domuzdag Complexes of Okay et al. 2013) is 257 

represented by a succession of sandstones, shales, limestones and lydites associated with 258 

mafic rocks. Detrital zircon geochronology indicates a Valanginian-Aptian age for this 259 

succession (Okay et al. 2013). The Daday Unit is characterized by a complex deformation 260 

history analogous to that recognized in the Saka and Domuz Dağ Units recording four 261 

pre-Eocene phases, from D1 to D4. This deformation history has developed under 262 

retrograde P and T metamorphic conditions from blueschist to sub-greenschist 263 

metamorphic facies conditions. The 
40

Ar-
39

Ar dating indicates that the metamorphic peak 264 

occur between 102 and 112 Ma (Early Cretaceous; Okay et al. 2013). 265 
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The Emirköy Unit (Figs. 2, 3 and 5) consists of a monotonous succession of 266 

metaturbidites represented by alternating layers of fine-grained metasandstones, 267 

metasiltstones and metapelites. This unit is somewhat similar to the turbidite-dominated 268 

Martin Complex of Okay et al. (2013), but reflects lower grade metamorphism. In this 269 

sense, the Emirköy Unit may represent the deformed and slightly metamorphosed part of 270 

the Cağlayan Formation (Okay et al. 2013). It must be noted, however, that the magmatic 271 

rocks commonly observed in the Çağlayan Formation have not been found in the 272 

Emirköy Unit. The polyphase, pre-Eocene deformation history recognized in this unit 273 

includes three deformational phases. Only the first one is characterized by syn-kinematic 274 

recrystallization of minerals indicative of very low-grade metamorphic conditions. 275 

On the whole, the field evidences indicate that the Emirköy Unit seems to be represented 276 

by a coherent succession of turbidite deposits, whereas the other three metamorphic units 277 

show a different tectonic setting, being characterized by an assemblage of up to 100 m 278 

thick slices of different lithotypes affected by the same deformational and metamorphic 279 

history (e.g. Marroni et al. 2014 for the Saka Unit from the Daday area). In this frame 280 

(Fig. 7), the mafic rocks generally occur as huge slices or as few meters thick boudins 281 

into the metasedimentary rocks. In both the occurrences the mafic rocks have been found 282 

as bodies bounded by shear zones whose attitude is parallel to the main foliation 283 

recognized inside the different lithotypes. This structural setting suggests that the 284 

metamorphic units represent tectonic mélanges originated in a subduction zone as 285 

suggested by their metamorphic grade ranging from blueschist to high-pressure 286 

amphibolite and eclogite metamorphic facies (Okay et al. 2006; 2013; Marroni et al. 287 

2014). 288 

The Arkot Dağ Mélange (Figs. 2, 3 and 5) can be depicted as an assemblage of slide-289 

blocks, with different sizes and lithologies, enclosed in a sedimentary matrix consisting 290 

of shales, coarse-grained arenites, pebbly-mudstones and pebbly-sandstones (Göncüoğlu 291 

et al. 2014). The volume of matrix is generally much less than that of the slide-blocks. 292 

Locally the matrix is completely absent. The slide-blocks, ranging in size from few 293 

meters to several hundred square meters, show a great variability in their lithological 294 

composition, including sedimentary, metamorphic and ophiolite rocks. The ophiolitic 295 

rocks include peridotites, gabbros and basalts. In addition slide blocks of the Middle 296 

Triassic to Late Cretaceous cherts, Late Jurassic to Early Cretaceous neritic and pelagic 297 

limestones, dolostones, Late Cretaceous marly-limestones and ophiolite-bearing arenites, 298 

gneisses and micaschists are also found. Moreover, the slide blocks show deformations 299 
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developed before their inclusion into the mélange. The source area of the Arkot Dağ 300 

Mélange can be thus envisioned as an imbricate stack of deformed and metamorphosed 301 

oceanic- and continental-derived slices (Göncüoğlu et al. 2014). The age of the Arkot 302 

Dağ Mélange can be ascribed to the Late Santonian on the basis of the nannofossil 303 

assemblage recognized in some soft clasts of marls.  304 

The Ayli Dağ Ophiolite crops out in both the studied transects (Figs. 2, 3 and 5). It is 305 

mainly composed of slices of serpentinized peridotites, not thicker than 200-300 m,  with 306 

bands of dunites and pyroxenites. However, in the Ayli Dağ area south of Siragömü 307 

village, an almost complete ophiolite sequence has been identified (Göncüoğlu et al. 308 

2012). Its lower part is made up of a mantle sequence of peridotites thick less than 3 km 309 

topped by 500-600 m-thick layered gabbros alternating with dm- to m-thick layers of 310 

spinel-bearing dunites, melatroctolites, troctolites, ol-gabbros and leucogabbros. The 311 

gabbro sequence is overlain by a sheeted dyke complex that passes upward to 100-200 m-312 

thick massive basaltic lava flows followed by 600-800 m-thick massive and pillow lavas 313 

and breccias alternating with ophiolite-bearing arenites and cherts. The radiolarian cherts 314 

sampled from the top of the pillow lavas yielded radiolarian assemblages indicating the 315 

middle Bathonian to early Callovian ages. In addition, an about 10 m thick section of 316 

banded amphibolites at the base of the serpentinized peridotites have been found in the 317 

Pelitoren area, 500 m west of the Pelitoren village (Fig. 2). According to their 318 

relationships with the peridotites, these amphibolites can be interpreted as belonging to a 319 

metamorphic sole originated during the obduction of the ophiolites. 320 

 321 

GEOCHEMISTRY OF MAFIC ROCKS 322 

 323 

In this section, we present new geochemical data obtained on 32 samples from the mafic 324 

lithologies of the Daday, Saka and Domuz Dağ units and also from the slide blocks of the 325 

Arkot Dağ Mélange. In order to provide a more complete picture of the mafic rocks from 326 

IPSZ, the geochemical data from the slide blocks of basalts from the Arkot Dağ Mélange 327 

(Göncüoğlu et al. 2014) and mafic lithologies from the Ayli Dağ Ophiolite (Göncüoğlu et 328 

al. 2012) have also been taken into account. Analyses of major elements were determined 329 

by inductively coupled plasma emission spectrometry (ICP-ES) and trace elements 330 

(including REE) were determined by inductively coupled plasma mass spectrometry 331 

(ICP-MS) at the ACME analytical labs (Canada). Analytical precision calculated based 332 
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on the replicate analyses and standards indicate reproducibility generally better than 5% 333 

for most major and trace elements. The geochemical data are given in Table 2.  334 

 335 

ASSESSMENT OF SECONDARY PROCESSES 336 

As previously mentioned, the Daday, Saka and Domuz Dağ units are variably 337 

metamorphic, including greenschists, blueschists and amphibolites. Given this significant 338 

range, it is likely that the elemental budget of the samples may have been disturbed due to 339 

effects of alteration/metamorphism (e.g. Staudigel et al. 1996). Therefore, it is crucial to 340 

use the elements that have remained relatively immobile to make reliable petrogenetic 341 

interpretations. When plotted against Zr, the elements of relatively high ionic potential 342 

(e.g. Th, Nb, Y, and Ti) display good correlations, attesting their immobile character 343 

during post-magmatic processes (Fig. 8). In contrast, the elements of low ionic potential, 344 

such as Ba, Rb, K, show scattered distribution, suggesting that their abundances may 345 

have been modified by the secondary processes (Fig. 8). This idea is further reinforced by 346 

the coherent elemental patterns of HFSE and REE (Fig. 9). Thus, we believe that HFSE 347 

and REE have remained largely immobile up to amphibolite facies conditions and 348 

represent the elemental compositions of the protolith. The stability of these elements 349 

under amphibolitic and even eclogitic conditions has been also shown by some other 350 

studies (e.g. Spandler et al. 2004; John et al. 2004).      351 

 352 

GEOCHEMICAL RESULTS 353 

The detailed examination of trace element systematics highlights five main chemical 354 

types that display distinct elemental fractionation and/or depletion/enrichment histories. 355 

All chemical groups include samples of basaltic composition, and except for one type 356 

(Type 3), they all display subalkaline character (Fig. 10).  357 

The first type (Type 1) is represented by a single sample (IPS-10-47) in our dataset and 358 

found only in the Daday-type slide block embedded in the Arkot Dağ Mélange. This 359 

sample is compositionally similar to N-MORB (Sun and McDonough 1989) and plots 360 

close to the unity line on the multi-element diagram (Fig. 9a). The depleted, N-MORB-361 

like nature of this chemical type is reflected by high Zr/Nb (37.1), low Zr/Y (2.6) and 362 

Nb/Y (0.07) ratios (Figs. 11 and 12). Also, it exhibits LREE-depleted pattern on a 363 

chondrite-normalized diagram ([Ce/Sm]N = 0.73; N denotes chondrite-normalized based 364 

on the values of Sun and McDonough 1989) (Fig. 9b).  365 
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The second type (Type 2) has been sampled from the Daday and Domuz Dağ units. This 366 

type appears to be more enriched relative to Type 1, as evidenced by the higher absolute 367 

abundances observed in most trace elements (Fig. 9a). Type 2 samples display slightly 368 

fractionated trace element patterns owing to the enrichment in the more incompatible 369 

elements relative to the less compatible ones (Th/Yb = 0.09-0.12, Nb/Yb = 1.0-3.8) (Figs. 370 

9 and 13). The relatively enriched nature of Type 2 is also apparent in its lower Zr/Nb 371 

(7.4-34.1), higher Zr/Y and Nb/Y ratios (Figs 11 and 12). Relative to Type 1, Type 2 372 

exhibits relatively flat to slightly LREE-enriched profile ([La/Sm]N = 0.91-1.62) (Fig. 373 

9b). Another feature to be noted on Type 2 samples is the presence of slight Th-La 374 

enrichment over Nb (Th/Nb = 0.07-0.12) when compared to N-MORB (0.05).  375 

The third chemical type (Type 3) is very dissimilar from the rest with its highly enriched 376 

chemical composition, possessing OIB-like features (e.g. Sun and McDonough 1989; 377 

Chauvel et al. 1992). Type 3 samples are found in the Daday and Saka units and 378 

characterized by humped trace element patterns, reflecting marked enrichment in the 379 

most incompatible elements (Th/Yb = 0.7-4.7, Nb/Yb = 7.1-42.0) (Figs. 9c and 11). The 380 

REE patterns are strongly fractionated, with highly enriched LREE profiles combined 381 

with noticeable depletion in HREE is also ([Ce/Sm]N = 1.6-3.5; ([Dy/Yb]N = 1.3-2.1) 382 

(Fig. 9d). The enriched character of the Type 3 is also evident from low Zr/Nb (4.8-9.0), 383 

high Zr/Y (5.5-14.5) and Nb/Y (0.6-3.0) (Figs. 11 and 12). We must also note that some 384 

members of this group exhibit slight enrichment in Th over Nb (Th/Nb = 0.06-0.21). 385 

The fourth type (Type 4) has been encountered in all four units, namely Daday, Saka, 386 

Domuz Dağ units and Arkot Dağ Mélange. This type displays HFSE distribution largely 387 

subparallel to N-MORB (Fig. 9e). However, variable depletion exists in Nb relative to Th 388 

and La, causing these samples to have high Th/Nb (0.08-0.38) and La/Nb (1.1-2.8) ratios. 389 

Type 4 samples mostly exhibit depleted trace element signatures high Zr/Nb (14.8-65.0), 390 

low Zr/Y (1.8-4.4) and Nb/Y (0.04-0.23) ratios (Figs. 11 and 12). On chondrite-391 

normalized diagrams, a majority of this group is characterized by LREE-depleted to flat 392 

REE patterns ([Ce/Sm]N = 0.54-1.50, [Ce/Yb]N = 0.73-2.09) (Fig. 9f). One sample within 393 

this group, however, display some degree of enrichment in LREE over HREE ([Ce/Sm]N 394 

= 1.50). 395 

The fifth chemical type (Type 5) has been sampled from the Daday, Saka and Domuz 396 

Dağ units and characterized by highly to extremely depleted signatures, as evidenced by 397 

very low absolute abundances of some elements, such as Zr (0.06-0.27 ppm) and Hf 398 

(0.05-0.29 ppm) (average N-MORB abundances for Zr and Hf are 74 ppm and 2.05 ppm, 399 
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respectively) (Figs. 9g and 12). The highly depleted character of this group is also 400 

apparent when they are plotted on N-MORB normalized diagrams (Fig. 9g). Some Type 401 

5 samples show negative anomalies in Zr and Hf, whereas one sample displays relative 402 

enrichment in these elements. REE patterns of this chemical type appear to be variable; 403 

while some Type 5 samples exhibit relatively flat MREE-HREE profile, others display 404 

gradual depletion towards MREE. LREE patterns, on the other hand, changes from flat to 405 

LREE-enriched ([Ce/Sm]N = 0.59-2.50) (Fig. 9h).   406 

 407 

DATA INTERPRETATION 408 

Trace element ratios of the studied samples vary within a significant range, which cannot 409 

simply be explained by post-melting processes, such as fractional crystallization and/or 410 

accumulation. Instead, the existence of a number of chemical species with distinct trace 411 

element systematics clearly point out a non-uniform origin, which may involve melt 412 

generation taking place at more than one tectonic setting and/or contribution from 413 

different mantle source regions.  414 

It is generally assumed that the crust-mantle differentiation has resulted in depletion of 415 

some part of the mantle due to migration of incompatible elements into the crust. Thus, 416 

the depleted mantle (DM) is deficient in incompatible elements with respect to the less 417 

incompatible ones, producing high ratios of Zr/Nb (34.2) coupled with low Zr/Y (1.5) 418 

and Nb/Y (0.04) (ratios calculated on the basis of the DMM values of Workman and Hart 419 

2005). Among our chemical groups, such signatures are typically observed on Type 1 420 

(Zr/Nb = 37.1) and Type 4 (Zr/Nb avg = 37.9), suggesting that these groups have largely 421 

tapped a depleted mantle component. 422 

In contrast to Types 1 and 4, Type 2 samples display in general lower Zr/Nb and higher 423 

Zr/Y and Nb/Y, indicating enriched characteristics (Figs. 11 and 12). Note that all Type 2 424 

samples have incompatible trace element concentrations greater than that of N-MORB, 425 

thus they stay above the line of unity. Also, almost all Type 2 samples show greater 426 

LREE enrichment compared to those from Type 1, as reflected by their higher La/Sm 427 

values (Fig. 12). Considering also the gradual enrichment of elements with increasing 428 

incompatibility, the trace element systematics of Type 2 samples may suggest greater 429 

contribution from enriched sources (so lesser contribution from a depleted source) and/or 430 

smaller degrees of partial melting. The greater LREE enrichment seen in two samples 431 

may suggest that the involvement of enriched sources has been even greater compared to 432 

the other Type 2 samples. However, given the fact that these two samples reflect similar 433 
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level of enrichment in MREE-HREE patterns, it appears to be more likely that this 434 

feature is an artifact of small degrees of partial melting. 435 

The OIB-like trace element signatures of Type 3 samples may reflect the greatest 436 

contribution from enriched source(s). This is also evidenced by the low values of Zr/Nb 437 

coupled with high Zr/Y and Nb/Y (Figs. 11 and 12). In addition to that, low degrees of 438 

partial melting also seem to have played a role in creating the enriched and fractionated 439 

trace element patterns of Type 3 samples. It must also be noted that the two samples with 440 

the highest degree of enrichment are the ones with least MgO content. This implies that 441 

fractional crystallization may have some effect on creating these elevated abundances. 442 

The presence of cross-cutting patterns, however, indicates that fractional crystallization 443 

may not be the sole control on the trace element systematics of these samples, though we 444 

cannot entirely exclude the effect of high-pressure fractionation of garnet (Fig. 9c and d). 445 

It seems, therefore, that partial melting and/or the nature of mantle source region may 446 

also have influenced the elemental variations of these two samples. 447 

Type 5 displays the most depleted signatures among the studied groups, with very low 448 

concentrations in most trace elements (Figs. 10g and 12). These samples, however, 449 

display some unusual signatures. We mentioned above that Types 1 and 4 exhibit 450 

geochemical signatures (e.g. high Zr/Nb) that reflect their derivation from a mantle 451 

source region where DM has been the predominant component. In contrast, Type 5 452 

samples display relative enrichment in Nb (and LREE) compared to Zr and Hf, which 453 

leads to moderate Zr/Nb ratios. On the basis of this, this might seem at first that the 454 

contribution of DM was probably not too strong, but this is clearly not the case. The trace 455 

element signatures apparently more depleted than N-MORB is difficult to reconcile with 456 

derivation from a fertile N-MORB source (Fig. 9g). Instead, such depleted characteristics 457 

can be attributed to derivation from N-MORB mantle source which has previously 458 

experienced melt extraction (e.g. D-DMM, Workman and Hart 2005). It must be noted 459 

that three of Type 5 samples have high MgO content (~18-22 wt.%), so olivine 460 

accumulation may have been another factor responsible for the low trace element 461 

concentrations. However, the other samples from this group have MgO contents around 8 462 

wt.%, thus suggesting that the highly depleted signatures are not solely an artifact of post-463 

melting processes. 464 

On the basis of discussion above it is seen that the studied groups reflect variable 465 

contribution depleted/enriched components. It must be noted, however, that almost all 466 

Type 4 samples possess negative Nb anomalies, which is a typical feature of magmas 467 
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generated above subduction zones (e.g. Pearce 1983). The relative depletion in Nb 468 

(relative to Th and LREE) is generally attributed to the presence of residual accessory 469 

phases in the subducting slab, which leads to selective retention of Nb along with other 470 

HFSE (e.g. Green 1995). Other elements, however, are preferentially incorporated into 471 

the fluids and/or melts released from the slab and metasomatize the overlying mantle 472 

wedge (e.g. Tatsumi and Eggins 1995).    473 

It is also noteworthy that some Type 4 samples attain very high Zr/Nb values, reaching 474 

up to 65.0. Such values are well above the average N-MORB value (31.8, Sun and 475 

McDonough 1989). To a first order approximation, these high values may indicate the 476 

involvement of a pre-depleted DM-type mantle source. However, if we exclude Nb, most 477 

Type 4 samples show immobile trace element concentrations similar or higher than N-478 

MORB. This suggests therefore that these samples have mainly tapped a regular DM 479 

component. The occurrence of very high values of Zr/Nb, then, requires another 480 

explanation. It is previously mentioned that Type 4 samples are variably depleted in Nb. 481 

Some Type 4 samples, however, have Nb concentrations relatively depleted with respect 482 

to other HFSE. The presence of negative Nb anomalies and the relative depletion of other 483 

HFSE relative to LILE and LREE is very typical in arc basalts, which is generally 484 

attributed to the presence of residual accessory phases in the subducting slab (e.g. Green 485 

1995). In some cases, however, a mineral phase like rutile may preferentially retain Nb 486 

during sediment melting, resulting in distinct fractionation of HFSE (e.g. Class et al. 487 

2000). Thus, we think that very high Zr/Nb values observed on Type 4 samples may have 488 

resulted from the selective partitioning taking place during subduction of oceanic 489 

lithosphere. 490 

 491 

MELTING SYSTEMATICS 492 

The extensive range observed in trace element ratios strongly argue for source 493 

heterogeneity and/or varying degrees of partial melting. The source heterogeneity, in 494 

turn, may be linked to the involvement of distinct lithological components, such as 495 

eclogite/pyroxenite and peridotite (e.g. Allegre and Turcotte 1986; Ito and Mahoney 496 

2005). In this sense, eclogitic oceanic crust and volatile-rich/metasomatized lithosphere 497 

represent the enriched streaks embedded in the depleted, dry peridotitic matrix (e.g. Niu 498 

and O’Hara 2004; Sayit 2013). The mixing of melts derived from these distinct 499 

lithologies can generate a range of trace element and isotopic compositions based on their 500 

proportion in the mixture. To a first order approximation, the high Zr/Nb, low Zr/Y and 501 
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Nb/Y signatures of Types 1 and 4 can be interpreted as the predominant contribution of 502 

the melts deriving from the depleted peridotitic matrix, whereas the relatively more 503 

enriched signatures of Type 2 samples may suggest lower degrees of melting and/or that 504 

the effect of the depleted peridotite have been diluted to some extent. The highly depleted 505 

Type 5 samples, on the other hand, probably involve melt generation from more depleted 506 

sources, requiring pre-melt extraction. The OIB-like, Type 3 samples may indicate strong 507 

contribution from enriched, readily fusible streaks in association with small-degree 508 

melting.  509 

In order to get a general understanding of the influence of partial melting and the mantle 510 

source on the geochemical signatures of the samples, we apply two melt modeling 511 

schemes (Fig. 13). The first one is ratio-based, including the trace element pairs Sm/Yb 512 

and Dy/Yb and used to model Type 1 to 4 samples. It is difficult, however, to infer the 513 

melting systematics of Type 5 samples owing to their somewhat unusual trace element 514 

systematics. Thus, we apply the second scheme involving absolute Sm concentration, 515 

which allows us to better monitor the process of depletion. In our calculations, we use 516 

elemental ratios and the samples with greater than 5% MgO to minimize the effects of 517 

fractional crystallization. For both models, it is assumed that the melting have occurred in 518 

a non-modal fashion (see the figure explanation for the source and melt modes used in the 519 

calculations). Melting curves have been modeled according to batch and fractional 520 

melting schemes (see the figure for the details). In the calculations, the spi-peridotite 521 

source is assumed to have DMM-type composition, representing the depleted matrix, 522 

whereas the garnet-peridotite has more enriched, E-DMM-type composition, 523 

characterizing the streaks of oceanic lithosphere. Selected partition coefficients are given 524 

in Table 2.  525 

On the basis of the first modeling scheme, it can be suggested that Type 1 (N-MORB-526 

like) and Type 2 (E-MORB-like) samples largely appear to have been formed in the 527 

stability of spinel and reflect predominant contribution of the depleted material (Fig. 13). 528 

The E-MORB-like samples reflect relatively lower degrees of melting compared to the 529 

N-MORB-like sample, which is in agreement with their more enriched character. Type 3 530 

(OIB-type) samples, being the most enriched samples in our dataset, appear to have 531 

involved low-degree melt fractions deriving from the enriched material. It is noteworthy, 532 

however, that most Type 2 samples as well as some Type 4 samples plot in the area 533 

between the melting curves of grt-peridotite and spi-peridotite. Such sample compositions 534 

can be explained by mixing of melts deriving from these peridotitic sources. Type 3 535 
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samples that plot outside the mixing region, on the other hand, probably require different 536 

melting systematics, which may be linked to, for example, the modification of the mantle 537 

source by previous melt extraction and/or metasomatism by slab-derived melts.      538 

The second modeling scheme suggests clearly that the highly depleted nature of Type 5 539 

samples cannot be explained by melting of asthenospheric N-MORB source and a 540 

previous melt extraction is necessary (Fig. 13). On the basis of the model, this pre-541 

depletion process can be achieved by about 25% melting. The re-melting of this source 542 

produces Sm/Yb ratios more depleted than the observed values. However, if the pre-543 

depleted source (i.e. the residue after 25% melting) is subsequently metasomatized by 544 

low-degree OIB-type melts (~1%), then melting of such source can reproduce the 545 

observed compositions.  546 

 547 

DISCUSSIONS    548 

 549 

TECTONOMAGMATIC CONSTRAINTS 550 

Among the studied sample groups, Type 1 exhibits depleted trace element signatures, 551 

resembling to N-MORBs generated at mid-ocean ridges (e.g. Sun and McDonough 1989; 552 

Niu et al. 1999). N-MORB-type melts are the common products of the decompression 553 

melting of depleted asthenospheric mantle or depleted MORB mantle (DMM) (e.g. 554 

Zindler and Hart 1986). The predominant involvement of a depleted mantle source in the 555 

petrogenesis of Type 1 samples is also consistent with the modeling results that largely 556 

require spi-facies melts deriving from DMM-type mantle. Although N-MORB-like 557 

magmas are typically associated with mid-ocean ridges, they have been also reported 558 

from intra-oceanic back-arc basins (e.g. Pearce et al. 1995; Leat et al. 2004). The melting 559 

systematics in back-arc basins are somewhat similar to those of mid-ocean ridges such 560 

that melting is mainly accomplished by adiabatic decompression (e.g. Pearce and Stern 561 

2006). The important difference arises from the fact that the back-arc basin basalts may 562 

involve slab-derived components to variable extents in their petrogenesis. In back-arc 563 

systems, N-MORB-like melts are generally observed to be constrained to the centers and 564 

away from the arc-front (e.g. Pearce and Stern 2006).  565 

In contrast to Type 1, the relatively more enriched, Type 2 samples are more akin to E-566 

MORBs. E-MORB-type magmas are also commonly associated with the mid-ocean 567 

ridges, however they are also known to exist in other tectonic settings, such as back-arc 568 

basins, seamounts and oceanic islands (e.g. Haase and Devey 1994; Leat et al. 2000; 569 
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Chauvel and Hemond 2000). In contrast to N-MORBs, E-MORB-type melts tend to have 570 

relatively enriched isotopic signatures, therefore suggesting contribution from a distinct 571 

mantle component (e.g. Niu et al. 2001). As noted in the previous section, the enriched 572 

component can be characterized by pyroxenitic/eclogitic lithologies and/or enriched 573 

peridotite that are dispersed within the depleted peridotitic matrix (e.g. Ito and Mahoney 574 

2005; Sayit 2013). These enriched streaks can be regarded as pieces of oceanic 575 

lithosphere that have been recycled and re-introduced into the mantle by plumes (e.g. 576 

Hofmann and White 1982; Sayit 2013).    577 

Type 4 samples are distinct with their negative Nb anomalies, which are typical of 578 

magmas generated at subduction zones (e.g. Pearce 1983). The relative enrichment of Th 579 

and LREE with respect to HFSE implies that Type 4 samples have been derived from a 580 

mantle source that was fluxed by slab-derived components. The high Zr/Nb ratios 581 

coupled with low Nb/Yb values suggest that Type 4 melts have been generated in an 582 

intra-oceanic subduction system (e.g. Pearce and Peate 1995). Trace element systematics 583 

indicate that Type 4 samples have largely involved fertile N-MORB source and do not 584 

appear to be as depleted as tholeiitic magmas formed at island arc settings (e.g. Peate et 585 

al. 1997). The lack of such depleted signatures and the relatively flat REE profiles 586 

suggest that a back-arc origin for Type 4 samples is more likely (e.g. Gribble et al. 1998). 587 

As mentioned above, the existence of N-MORB- and E-MORB-type melts are known 588 

from back-arc basins, thus, it might have been the case that Type 1 and 2 samples also 589 

formed at the same subduction zone system from which Type 4 samples have originated. 590 

Indeed, this idea is reinforced by the existence of these three distinct chemical types (N-591 

MORB, E-MORB and BABB) from the same unit (i.e. the Daday Unit).  592 

Type 3 samples possess OIB-like characteristics. Although such elemental signatures are 593 

typically found in oceanic islands (e.g. Sun and McDonough 1989; Chauvel et al. 1992), 594 

they can also be encountered at some continental rifts as well as at mid-ocean ridges and 595 

back-arc basins (e.g. Hickey-Vargas et al. 2006; Furman et al. 2006; Hoernle et al. 2011). 596 

However, the close geological association of Type 3 samples with the chemical types 1, 2 597 

and 4 at several places of the Daday-Araç Transect (Fig. 3 and 6), which are of oceanic 598 

origin, may suggest that these OIB-like lithologies have similarly formed in a similar 599 

tectonic environment, namely an oceanic back-arc setting. The OIB-like melts are even 600 

isotopically more enriched than those of E-MORB-type magmas, suggesting that OIB-601 

type magmas are relatively undiluted by melts of depleted peridotite.    602 
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Type 5 samples clearly exhibit oceanic affinities as evidenced by their highly depleted 603 

signatures. The depleted geochemical signatures are typical among magmas developed at 604 

island arcs, which is generally attributed to the melt extraction taking place in the back-605 

arc region (e.g. Woodhead et al. 1998). Also, some Type 5 samples are somewhat 606 

unusual in that they display fractionated LREE-MREE profiles and depletion in 607 

moderately incompatible elements (Fig. 10). Such elemental profiles and the highly 608 

depleted nature of Type 5 samples seem to be similar to those of boninites (e.g. Cameron 609 

et al. 1983) (Fig. 11). Boninites are unusual volcanic rocks with intermediate SiO2 and 610 

high MgO contents (e.g. Hickey and Frey 1982). However, since Type 5 samples have 611 

rather low SiO2 contents, we prefer to use the term “boninitic” instead of “boninite” for 612 

these samples. The existence of boninitic melts is restricted to the intra-oceanic arcs and 613 

they generally appear to have been generated at the initiation of arc magmatism (e.g. 614 

Pearce et al. 1994). The LREE-enriched character of some boninitic magmas have been 615 

linked to the involvement of OIB-type component or fluids and/or melts derived from 616 

subducting oceanic lithosphere (e.g. Cameron et al. 1983; Kostopoulos and Murton 617 

1992).        618 

      619 

GEODYNAMIC CONSTRAINTS  620 

The mafic lithologies from the Daday, Saka and Domuz Dağ units display an extensive 621 

geochemical variation (Figs. 10, 12 and 13) and they are characterized by different 622 

metamorphic grades. Thus, it may first seem that the protoliths of these metamorphic 623 

rocks have formed at diverse tectonic settings. However, as also mentioned at the 624 

beginning, the presence of distinct metamorphic styles does not mean that the origin of 625 

protoliths should also be different (e.g. Sayit and Göncüoğlu 2013). Also, the existence of 626 

diverse geochemical signatures does not necessarily mean that the samples should come 627 

from a number of tectonic settings. Back-arc basins, for example, are one such place 628 

where various chemical species can be found, including BABB-, IAB-, N-MORB-, E-629 

MORB- and OIB-like signatures (e.g. Leat et al. 2000, 2004; Pearce et al. 2005; Hickey-630 

Vargas et al. 2006). Combining these with the fact that the distinct chemical groups are in 631 

close association in the field (Fig. 2, 3 and 5) suggests that these units may have 632 

originated from an intra-oceanic arc-basin system. It is also noteworthy that the three 633 

metamorphic units comprise all chemical groups except for N-MORB-type, which is 634 

absent in the Saka and Domuz Dağ Units (Fig. 14). However, this chemical type (Type 1) 635 

is only represented by a single sample and the lack of this signature in the latter units may 636 
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be due to sampling bias. Also, as mentioned before, this sample has not been directly 637 

recovered from the Daday Unit itself, but it occurs as a mélange block within the Arkot 638 

Dağ Mélange. Thus, apart from their formation at similar tectonic settings (i.e. intra-639 

oceanic arc-basin system), the variety and distribution of geochemical signatures also 640 

appear to be similar. This suggests the possibility that the low-grade Daday Unit and 641 

high-grade Domuz Dağ Unit may, in fact, have originated from the same arc-basin 642 

system.  643 

Another important point is that the mafic lithologies from the Ayli Dağ Ophiolite and 644 

Arkot Dağ Mélange, in general, share similar characteristics with those from the Daday, 645 

Saka and Domuz Dağ units, suggesting a genetic link between them.  646 

The age of the protoliths of the mafic rocks from these metamorphic units is poorly 647 

constrained. However, a Middle Jurassic minimum depositional age has been proposed 648 

for the metasediments of the Martin Group of Okay et al (2013), which is the equivalent 649 

of the Daday Unit in our study. Our recent work on the age of detrital zircons from 650 

quartzites of the Daday Unit (Göncüoğlu et al. in prep), however, suggests that the 651 

maximum deposition age of the unit is Middle Triassic.  652 

The mafic rocks of the Ayli Dağ Ophiolite exhibit predominant BABB-type 653 

characteristics with minor island arc signatures (Göncüoğlu et al. 2012). Similarly, the 654 

mafic lithologies from Arkot Dağ Mélange to the southwest of Kastamonu display similar 655 

geochemical characteristic, with BABB-type signatures being the common one 656 

(Göncüoğlu et al. 2014). As discussed above, BABB- and island arc-type characteristic 657 

are also observed in the Daday and Domuz Dağ units. We must also note that the Daday-658 

type metamorphics with BABB-type signatures are also found as blocks within the Arkot 659 

Dağ Mélange as revealed by the present study. Other geochemical signatures (i.e. N-660 

MORB, E-MORB, and OIB) have not been found yet from the Ayli Dağ Ophiolite. E-661 

MORB- and OIB-type signatures are also not encountered in the Arkot Dağ Mélange. N-662 

MORB-like signatures, however, have been reported from a huge slide block within the 663 

Arkot Dağ Mélange to the east of Bolu (Göncüoğlu et al. 2008). In addition, the N-664 

MORB-type metabasic sample from the present study represents a Daday-type block 665 

within the Arkot Dağ Mélange, thus indicating that N-MORB-type lithologies are not 666 

uncommon.       667 

The geochemical character of the Ayli Dağ Ophiolite strongly argues for its generation 668 

above an intra-oceanic arc-basin system (Göncüoğlu et al. 2012). The radiolarian cherts 669 

overlying pillow basalts have yielded an age of Middle Jurassic (Göncüoğlu et al. 2012). 670 
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This is the oldest age obtained thus far from the IPS zone and clearly implies that there 671 

was an ongoing subduction within the IPO during the Middle Jurassic. The data acquired 672 

from the basaltic slide blocks of the Arkot Dağ Mélange seem to be consistent with 673 

results above. The geochemical signatures of the mafic blocks and their geological 674 

characteristics call for the presence of an oceanic environment. The silicified mudstone 675 

interlayered with the N-MORB-type basalts has yielded an age of Late Jurassic 676 

(Göncüoğlu et al. 2008). Although it is difficult to say whether these N-MORB-type 677 

magmas were produced on a mid-ocean ridge or a back-arc basin, they have clearly been 678 

a part of an oceanic spreading environment. However, considering the younger age (Late 679 

Jurassic) of the N-MORB-type basalts, it is possible that these basalts may represent 680 

relatively evolved stage of the back-arc spreading represented by the Ayli Dağ Ophiolite. 681 

Whether the Late Jurassic basalts are closely connected to the arc-basin system or not, 682 

they obviously indicate that the IPO basin was still open during the Late Jurassic. 683 

Our data suggest that the mafic rocks from Daday and Domuz Dağ units reflect a similar 684 

origin (i.e. oceanic arc-basin system) to the mafic rocks from the Ayli Dağ Ophiolite and 685 

Arkot Dağ Mélange (Göncüoğlu et al. 2008, 2012, 2014). As noted before, however, the 686 

Daday and Domuz Dağ units also involve enriched geochemical characteristics (E-687 

MORB and OIB). The absence of these signatures in the Ayli Dağ Ophiolite and Arkot 688 

Dağ Mélange may be due to the insufficient sampling. Alternatively, this may also be 689 

linked to the site of melt generation during the temporal development of the arc-basin 690 

system. The enriched mantle, for example, in the form of blobs of a mantle plume may be 691 

introduced to the area of back-arc basin via mantle flow entering from the sides (e.g. Leat 692 

et al. 2000). Thus, in this case, the segments close to the edges of the back-arc would be 693 

the most influenced, reflecting the E-MORB- to OIB-like signatures. Another mechanism 694 

would be preferential melting of the easily fusible, enriched lithologies by a process like 695 

slab roll-back, which allows fertile mantle to migrate into the source region. 696 

Alternatively, the occurrence of slab window or slab break-off developing in response to 697 

the detachment of the slabs may also introduce fertile asthenospheric mantle into the 698 

melting region and can cause the preferential melting of the enriched blobs within the 699 

depleted matrix (e.g. Hole et al. 1995). 700 

The mafic rocks collected from the different tectonic units of the IPS zone are 701 

representative of the IPO basin, i.e. a wide oceanic area located between the IZ and SK 702 

continental microplates. Thus, an overall evaluation of the geochemical features of these 703 
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mafic rocks suggests that the IPO basin has included necessarily a well-developed arc-704 

basin system.  705 

Whereas the Ayli Dağ Ophiolite can be regarded as an obducted slice of back-arc oceanic 706 

lithosphere, the Arkot Dağ Mélange is considered as the Late Cretaceous sedimentary 707 

deposits originated during the obduction (Göncüoğlu et al. 2014). In this picture, the 708 

Domuz Dağ and Daday units, both affected during the Late Jurassic (Marroni et al. 2014) 709 

to Early Cretaceous (Akbayram et al. 2012; Okay et al. 2013) by a metamorphic event 710 

ranging from low-grade blueschist to high-pressure amphibolite and eclogite facies, 711 

seems to be the result of the convergence-related processes, which led to the closure of 712 

the IPO basin. Even if they have been metamorphosed under different conditions, the 713 

common geochemical signatures of the mafic rocks preserved in the Daday and Domuz 714 

Dağ metamorphic units indicates that they have been derived from the same domain, 715 

namely an intra-oceanic arc-basin system.  716 

These results seem to indicate that two alternative hypotheses can be proposed for the 717 

geodynamic reconstruction of the IPO basin. In the first hypothesis, the IPO basin 718 

included also an older oceanic crust, probably Triassic in age (e.g. Tekin et al. 2012), 719 

whose subduction opened a SSZ basin in the Middle Jurassic (Yilmaz 1990, Robertson 720 

and Ustaömer 2004; Akbayram et al. 2012; Göncüoğlu et al. 2014). The presence of an 721 

older (Triassic) ocean is supported by the presence of oceanic rocks now accreted in the 722 

Karakaya Complex (Sayit and Göncüoğlu 2013). Jurassic MOR-type basalts within the 723 

IPS (Göncüoğlu et al. 2008) suggest that the opening of the SSZ basin is 724 

contemporaneous with the active spreading in the Intra-Pontide Ocean. A subsequent, 725 

younger subduction of SSZ oceanic lithosphere is required in this hypothesis in order to 726 

explain the metamorphism of the mafic rocks detected in the Daday and Domuz Dağ 727 

units. The inception of the second subduction occurred in the Late Jurassic-Early 728 

Cretaceous time span when the continental margin of the Sakarya continent was 729 

submerged and covered by basinal deposits (Fig. 15). 730 

In the second, alternative hypothesis, IPO basin can be considered as an arc-basin system 731 

and the subduction responsible of its opening was located southward of the SK 732 

microplate within the Izmir-Ankara branch of Neotethys. This second hypothesis is not 733 

preferred in this study, as it is not supported by reliable evidence. In contrast, the oldest 734 

SSZ-type oceanic crust, hence the initial intra-oceanic subduction in this branch is not 735 

older then mid Cretaceous in age (Göncüoğlu et al. 2010).  736 

 737 
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REGIONAL CORRELATIONS 738 

As discussed above, the collected data as well as the available data present in literature 739 

(Şengör and Yılmaz 1981; Göncüoğlu et al. 1987; Yılmaz 1990; Göncüoğlu and Erendil 740 

1990; Yılmaz et al. 1995, 1997; Okay and Tüysüz 1999; Elmas and Yiğitbaş 2001; 741 

Robertson and Ustaömer 2004; Okay et al. 1996, 2013; Göncüoğlu et al. 2008, 2014; 742 

Marroni et al. 2014) indicate that the IPS zone is characterized by the occurrence of 743 

Middle to Late Jurassic ophiolites as separate tectonic units, slide blocks within the 744 

Cretaceous ophiolitic mélanges or as metaophiolites of probable Jurassic age in the 745 

subduction-related mèlanges affected by the Late Jurassic-Early Cretaceous 746 

metamorphism. All the fragments recognized in the IPS zone have been derived from an 747 

oceanic basin above a supra-subduction zone in which the melts was sourced from the 748 

depleted asthenospheric mantle metasomatized during the subduction process. 749 

These findings suggest that 1) the spreading was active along the IPO basin during the 750 

Middle to Late Jurassic time and 2) the subduction and related development of an 751 

accretionary wedge have existed from the Late Jurassic to Early Cretaceous time span.  752 

In the eastern Mediterranean area, these features are not only restricted to the IPS zone; 753 

but also to the other ophiolites from the suture zones located at the edge of the Eurasia 754 

continental plate.  755 

The Dinaric-Hellenic belt, for instance, is characterized by the ophiolites known as the 756 

Guevgueli Complex that has obducted over the Adria-Pelagonian continental margin 757 

(Bébien 1983; Bébien et al. 1986; 1987; Saccani et al. 2008; Bortolotti et al. 2013). These 758 

ophiolites of Middle to Late Jurassic ages (Kukoč et al. 2014) are characterized by 759 

ophiolite sequences including only volcanic and subvolcanic rocks generated in a back-760 

arc setting (Bébien et al. 1986, 1987; Saccani et al. 2008). The Guevgueli ophiolites are 761 

overlain by the metamorphic units of the Rhodope massif, where eclogites, amphibolites, 762 

gneisses and marbles have been affected by high-pressure metamorphism of Late 763 

Jurassic-Early Cretaceous age (e.g Burg, 2012). The back-arc ophiolites as well as the 764 

associated metamorphic rocks can be traced from the southern Greece into Sporades 765 

islands located in the Aegean Sea, about 200 km west of the outcrops on land of the IPS 766 

zone in the western Turkey. 767 

To the southeast, the SSZ-type ophiolites of Early Jurassic age have been reported in the 768 

NE Turkey as the Refahiye ophiolites (Ustaömer and Robertson 2010: Topuz et al. 2013; 769 

Robertson et al. 2014). These ophiolites are located within the Izmir-Ankara-Erzincan 770 

suture zone between the Pontides and the Menderes-Taurus terranes. By this they are 771 
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unrelated to the IPS. They are underlain by a Late Cretaceous mélange and tectonically 772 

associated with the metamorphic rocks of Early to Middle Jurassic age, consisting of 773 

marbles, serpentinites, phyllites but also by amphibolites, garnet-bearing amphibolites, 774 

garnet-bearing micaschists and eclogites.  775 

Similar geological features have been found in the Armenian ophiolites (Sevan, 776 

Stepanavan and Vedi ophiolites) that crop out eastward of the Izmir-Ankara-Erzincan 777 

suture zone, which has formed in a similar tectonic setting (Galoyan et al. 2009; Rolland 778 

et al. 2010; Hässig et al. 2014). The data provided by Galoyan et al. (2009) and Hässig et 779 

al. (2014) suggest these ophiolites to have been developed in a Early Jurassic back-arc 780 

basin. These ophiolites have been emplaced by a top-to-the-south obduction on the 781 

continental margin of the South Armenian plate during the Coniacian time. The 782 

Armenian ophiolites are associated with the Amassia–Stepanavan blueschist-ophiolite 783 

complex of the Lesser Caucasus (Rolland et al. 2010). This complex, which includes 784 

calcschists, metaconglomerates, quartzites, gneisses and metabasites, has been interpreted 785 

as a tectonic mèlange affected by blueschist metamorphism within an accretionary prism 786 

during the Cenomanian–Turonian times (Rolland et al. 2010).  787 

The overall picture arising from the Dinaric-Hellenic belt as well as from the IPS zone 788 

indicates that an intra-oceanic back-arc basin have existed during the Jurassic time within 789 

the IPS between the Sakarya Composite Terrane and the southern edge of the Eurasian 790 

plate (e.g. Marroni et al. 2014). Towards east the co-eval intra-oceanic subduction within 791 

the Izmir-Ankara-Erzincan Ocean created another back-arc basin between the Menderes-792 

Tauride block and the southern margin of the Eurasian plate (e.g. Robertson et al. 2014). 793 

Both basins probably formed as a result of north-dipping intra-oceanic subductions 794 

developed in the frame of the episodic accretion of different Gondwanan continental 795 

fragments (Istanbul-Zonguldak Terrane during the Late Paleozoic, basement of the 796 

Sakarya Terrane at the end of Triassic, Sakarya Composite Terrane in the west and 797 

Menderes-Tauride block in the East at Late Cretaceous) to the Eurasian plate during the 798 

Late Paleozoic to Late Cretaceous (e.g. Bortolotti and Principi 2005 and Topuz et al. 799 

2014). The closure of the alpine back-arc basins was thus achieved by development of 800 

subduction accretionary prisms leading to high-pressure metamorphic belt of Late 801 

Jurassic–Early Cretaceous age running parallel to the continental margin of Eurasia. The 802 

diachronous closure of these back-arc basins from northwest to southeast (see discussion 803 

in Bortolotti et al. 2013; Rolland et al. 2010; Topuz et al. 2013) requires that the width of 804 

this back-arc basin increased towards the southeast.  805 



 25 

 806 

CONCLUSIONS 807 

 808 

The mafic rocks collected from the Arkot Dağ Mélange as well as from the Domuz Dağ, 809 

Saka and Daday units along two transects of the IPS zone in Northern Turkey display not 810 

only different metamorphism, but also exhibit extensive geochemical variation ranging 811 

from IAT, BABB and N-MORB to E-MORB and OIB. Despite this wide spectrum of 812 

geochemical signatures, all the analysed mafic rocks can be regarded to have originated 813 

from an intra-oceanic arc-basin system. This picture is confirmed by the available 814 

geochemical data from the Ayli Dağ Ophiolite (Göncüoğlu et al. 2012), Arkot Dağ 815 

Mélange (Göncüoğlu et al. 2008; 2014) and from the mafic/intermediate rocks of the 816 

andesite-bearing turbidites (Rice at al. 2006).  817 

On the whole, it is possible to state that in the IPS zone several fragments of an arc-basin 818 

system are preserved, whose initiation occurred well before the Middle Jurassic. The new 819 

data from the IPZ zone with integration of the regional data from the Balkans and the 820 

Eastern Aegean points to existence of a wide intra-oceanic arc-basin system running 821 

parallel to the edge of the Eurasian plate during the Jurassic time. This arc-basin system 822 

was the result of a northward-dipping subduction developed in the frame of the episodic 823 

accretion of Gondwana continental fragments to Eurasia plate. This hypothesis can 824 

provide new insights for the reconstruction of the tectonic history of the IPO in the frame 825 

of the Mesozoic geodynamic evolution of the Eastern Mediterranean. 826 
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FIGURE CAPTIONS 1203 

 1204 

FIGURE 1. The major tectonic zones of Turkey separated by sutures (black lines). 1205 

IZ: Istanbul-Zonguldak Terrane. SK: Sakarya Terrane. AT: Anatolide-Tauride 1206 

Terrane. NAF: North Anatolian Fault. EAF: East Anatolian Fault.  IPS: 1207 

Intrapontide Suture. Da: Daday. Bo: Boyalı. Ka: Kastamonu. To: Tosya. In red, 1208 

Neogene to Holocene active regional structures are indicated. 1209 

 1210 

FIGURE 2. Tectonic sketch map of the Boyalı-Daday transect. See Fig. 1 for map 1211 

location. Samples used for geochemical study are also showed. Additional samples 1212 

have been collected few kilometers south-east outside the map (IPS-10-54: 1213 

41°01’56.82”N, 33°43’32.02”E; IPS-10-56: 41°02’28.18”N, 33°43’53.47”E; IPS-1214 

10-52: 41°00’40.86”N, 33°42’02.66”E)     1215 

 1216 

FIGURE 3. Tectonic sketch map of the Tosya- Emirköy transect. See Fig. 1 for 1217 

map location. Samples used for geochemical study are also showed. Additional 1218 

samples have been collected few kilometers north-east outside the map (5-8-2012: 1219 

41°18’00.77”N, 34°16’08.43”E; IPS-13-05: 41°17’18.07”N, 34°13’25.70”E; 4-8-1220 

2012: 41°15’19.17”N, 34°21’33.87”E; 4-3-2012: 41°16’37.74”N, 34°22’42.40”E; 1221 

13-7-13-1: 41°17’11.91”N, 34°09’44.21”E). 1222 

 1223 

FIGURE 4. Sketch of the stratigraphy of the tectonic units recognized along the 1224 

Boyalı-Daday and Tosya-Emirköy transects and their relationships with the 1225 

Sakarya zone, Istanbul- Zondulgak zone and the overlying Eocene deposits. 1226 

 1227 

FIGURE 5. Geological cross- sections of the Boyalı-Daday and Tosya-Emirköy 1228 

transects. 1229 

 1230 

FIGURE 6. Metamafic rocks cropping out along the Boyali - Daday and Tosya - 1231 

Emirköy transects. a) Glaucophane-bearing amphibolites from Domuz Dağ Unit; 1232 

b) relationships between amphibolites (amph) and micaschists (m-sch) from 1233 

Domuz Dağ Unit; c) amphibolites from Saka Unit; d) relationships between 1234 

amphibolites (amph) with albite-rich levels (ab), and micaschists (m-sch) from 1235 

Saka Unit; e) actinolite-bearing schists from Daday Unit; f) relationships between 1236 
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actinolite-bearing schists (m-bas) and phyllites (phy) from Daday Unit. For the 1237 

field photos of mafic rocks from Arkot Dağ Mèlange see Göncüoğlu et al (2014). 1238 

 1239 

FIGURE 7. Sketch of the tectono-stratigraphic units of the Intra-Pontide suture 1240 

zone. 1241 

 1242 

FIGURE 8. Plots of selected trace elements vs Zr. 1243 

 1244 

FIGURE 9. Trace element and REE patterns of the metamorphic samples. 1245 

Normalization values from Sun and McDonough (1989). 1246 

 1247 

FIGURE 10. Chemical classification of the metamorphic rocks examined in this 1248 

study on the basis of immobile element ratios (based on the diagram of Winchester 1249 

and Floyd 1977 modified by Pearce 1996). 1250 

 1251 

FIGURE 11. Zr/Y-Nb/Y and Nb/Yb-Th/Yb plots. Mariana Back-arc data from 1252 

Pearce et al. (2005), South Sandwich Arc data from Pearce et al. (1995), Mid-1253 

Atlantic Ridge data from Niu et al. (2001). Average N-MORB, E-MORB and OIB 1254 

values from Sun and McDonough (1989). 1255 

 1256 

FIGURE 12. Plots of MORB-normalized Zr value against Zr/Nb and La/Sm. Data 1257 

sources for Mariana Back-arc and South Sandwich Island Arc are the same as in 1258 

Fig. 7. Miscellaneous boninite data from Cameron et al. (1983). Betts Cove 1259 

boninites from Bedard (1999). 1260 

 1261 

FIGURE 13. Geochemical modelling of the studied samples. E-DMM and DMM 1262 

compositions of Workman and Hart (2004) have been adopted for the garnet and 1263 

spinel peridotite sources, respectively. a) Garnet peridotite source is assumed to 1264 

have the mode of 0.600 Ol+0.210 Opx+0.120 Cpx+0.070 Grt, which melts in the 1265 

proportions 0.010 Ol+0.040 Opx+0.500 cpx+0.450 Grt. Spinel peridotite source 1266 

has the mode of 0.565 Ol+0.220 Opx+0.180 Cpx+0.035 Spi and melts in the 1267 

proportions of 0.200 Ol+0.150 Opx+0.550 Cpx+0.100 Spi. Both melting curves 1268 

have been modelled according to batch melting. Straight lines represent melt-1269 

mixing lines between various degrees of Grt-facies melts (2%-9%) and 4.5% Spi-1270 
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facies melt. Melt fractions contributed by these facies were indicated by dots 1271 

drawn at each 10% interval. b) The spinel peridotite curve has been calculated 1272 

based on the same assumptions as in the first melting scheme. In constructing the 1273 

second curve, however, first 25% batch melt is extracted from the spinel peridotite 1274 

source and the residue is modified by 1% garnet-facies melt. This metasomatized 1275 

source is assumed to have a mode of 0.700 Ol+0.220 Opx+0.065 Cpx+0.015 Spi, 1276 

which melts in a fractional fashion with the proportions of 0.20 Ol+0.15 Opx+0.55 1277 

Cpx+0.10 Spi. 1278 

 1279 

FIGURE 14. Comparison of trace element patterns of the mafic metamorphic 1280 

rocks from Daday, Saka, Domuz Dağ and Arkot Dağ units. 1281 

 1282 

FIGURE 15. Geodynamic reconstruction of the Intra-Pontide oceanic domain 1283 

during the Jurassic and Early Cretaceous. See text for further explanations. 1284 

 1285 

TABLE 1. Correlation chart among the different units of the study area. The 1286 

correlation is based on both metamorphic/lithological features and location in the 1287 

geological maps. 1288 

 1289 

TABLE 2 Geochemical data of the studied mafic rocks. 1290 
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Present Study Ustaömer and Robertson 1999 Okay et al. 2006 Okay et al. 2013

Daday Unit part of Domuzdag-Saraycikdag Complex part of Late Cret. Acc. Complex part of Saka, Esenler and Domuzdag Complexes

Saka Unit - part of Late Cret. Acc. Complex part of Saka Complex

Domuzdag Unit part of Domuzdag-Saraycikdag Complex part of Domuzdag Complex part of Domuzdag Complex

Emirkoy Unit - part of Late Cret. Acc. Complex part of Martin and Esenler Complexes

Present Study Ustaömer and Robertson 1999 Okay et al. 2006 Okay et al. 2013

Daday Unit partly Domuzdag-Saraycikdag Complex partly Domuzdag Complex partly Martin, Esenler and Domuzdag Complexes

Saka Unit - - Saka Complex

Domuzdag Unit partly Domuzdag-Saraycikdag Complex partly Domuzdag Complex partly Domuzdag Complex

Emirkoy Unit partly Domuzdag-Saraycikdag Complex - -

GEOLOGICAL MAP-BASED CORRELATION

LITHOLOGY-METAMORPHISM-BASED CORRELATION

Table 1



Unit

Type 2 2 4 4 4 4 3

Sample IPS-10-54 IPS-10-56 IPS-10-52 IPS-10-16 7-7-13-1 IPS-10-18 5-1-2012

SiO2 46.28 47.36 46.89 43.07 49.84 44.34 44.01

Al2O3 15.58 14.46 14.21 20.64 15.01 11.49 13.72

Fe2O3 10.27 8.83 10.18 12.03 11.41 12.73 12.72

MgO 7.59 8.06 6.46 3.49 6.05 5.94 8.44

CaO 10.1 8.96 10.57 9.65 6.96 11.47 9.89

Na2O 3.31 4.13 4.19 2.96 4.43 1.21 2.14

K2O 0.1 0.37 0.06 1.46 0.37 0.11 1.12

TiO2 1.55 1.34 1.48 1.72 1.56 2.13 3.11

P2O5 0.15 0.14 0.12 0.15 0.13 0.19 0.38

MnO 0.15 0.14 0.19 0.14 0.17 0.23 0.16

Cr2O3 0.054 0.051 0.046 0.076 0.003 0.026 0.016

LOI 4.6 5.9 5.4 4.4 3.9 9.9 4.0

Sum 99.76 99.79 99.82 99.79 99.82 99.78 99.68

Ni 104.2 104.2 56.6 149.9 7.0 40.8 57.3

Sc 37 32 47 45 36 40 33

V 265 219 274 230 314 381 312

Co 46.4 36.2 47.4 54.6 33.6 37.6 46.7

Ba 16 32 8 123 34 6 270

Rb 1.6 6.3 0.4 34.5 7.0 4.8 17.0

Sr 337.6 190.5 64.2 564.2 105.4 276.2 272.5

U 0.1 0.4 b.d. 0.6 0.1 0.2 0.7

Pb 1.2 0.4 0.5 1.8 0.2 2 0.3

Th 0.5 0.6 0.3 0.3 0.5 0.3 2.3

Hf 2.9 2.5 2.6 3.3 2.9 3.6 5.1

Nb 5 5.4 2.5 3.7 2.4 2.9 33.2

Ta 0.3 0.4 0.2 0.2 0.1 0.2 2.1

Zr 106.2 91.9 82.8 123.3 107.4 124.2 212.8

Y 28.3 23.9 21.1 29.9 33.7 42.8 24.8

La 5.9 6.5 3.5 9 5.3 4.2 27.6

Ce 15.5 16.5 11.1 17.2 15.1 13.9 64.1

Pr 2.38 2.31 1.7 3.09 2.15 2.39 7.80

Nd 12.4 11.9 9.2 14.7 11.5 13 33.4

Sm 3.82 3.22 2.85 4.21 3.50 4.58 7.26

Eu 1.41 1.14 1.13 1.59 1.28 1.52 2.30

Gd 4.71 3.96 3.54 5.16 4.90 6.16 7.00

Tb 0.86 0.72 0.66 0.94 0.91 1.21 1.04

Dy 5.41 4.6 4.15 5.57 5.76 7.32 5.45

Ho 1.1 0.89 0.83 1.21 1.29 1.58 0.98

Er 3.13 2.88 2.45 3.36 3.70 4.84 2.48

Tm 0.47 0.4 0.37 0.5 0.53 0.72 0.33

Yb 2.86 2.46 2.38 3.03 3.44 4.67 1.94

Lu 0.45 0.36 0.35 0.46 0.52 0.73 0.29

Daday

Table 2



5 5 5 2 4 4 4 3

7-7-11-4 7-7-11-1 7-7-11-3 5-2-2012 7-7-11-13 7-7-11-10 10-7-11-7 10-7-11-4

44.71 49.38 51.05 47.38 49.69 45.19 45.05 42.40

18.94 4.89 4.52 15.65 15.05 14.91 16.37 13.63

9.11 7.74 7.43 10.89 11.36 12.98 10.68 17.18

7.01 21.37 17.04 8.14 7.61 12.04 6.44 6.26

10.89 11.59 16.83 9.34 9.26 8.77 14.42 10.16

2.48 0.31 0.46 3.22 2.67 1.31 3.04 3.07

0.37 0.04 0.05 0.34 1.19 0.73 0.29 0.85

1.05 0.07 0.27 1.18 1.17 1.31 1.09 3.43

0.04 <0.01 <0.01 0.11 0.12 0.09 0.10 0.65

0.15 0.15 0.16 0.17 0.22 0.35 0.14 0.25

0.013 0.104 0.440 0.034 0.033 0.102 0.065 0.012

5.0 3.9 1.3 3.3 1.4 1.9 2.1 1.8

99.80 99.60 99.59 99.75 99.82 99.71 99.85 99.70

7.7 99.2 63.6 58.4 33.8 76.7 16.3 25.6

43 53 82 45 40 49 37 37

279 229 274 259 295 343 282 413

30.6 47.6 44.7 41.6 39.5 50.4 45.6 53.1

80 2 4 223 153 36 16 166

6.8 b.d. 0.3 8.5 14.0 16.5 4.1 7.6

266.0 7.0 10.8 276.6 129.9 14.8 336.4 316.0

0.2 b.d. b.d. 0.2 0.3 b.d. 0.1 0.9

1.0 0.2 0.2 0.2 1.2 0.3 0.5 0.9

0.7 b.d. b.d. 1.2 0.6 0.5 b.d. 5.4

0.4 0.2 0.2 1.8 1.9 1.7 1.8 5.4

2.0 0.4 b.d. 10.0 2.4 3.7 1.2 41.6

0.1 b.d. b.d. 0.7 0.2 0.3 0.1 2.8

16.0 7.4 4.9 73.9 65.0 55.3 62.8 233.0

7.5 1.7 6.5 22.2 27.1 31 28.6 41.2

4.4 0.6 0.7 8.4 5.2 4.1 2.8 41.6

7.2 0.6 1.4 17.8 12.1 8.4 7.5 82.8

0.98 0.05 0.18 2.22 1.77 1.72 1.35 10.08

4.8 <0.3 1.5 10.1 9.4 10.8 7.4 44.5

1.12 0.09 0.46 2.75 2.81 3.87 2.62 9.63

0.74 0.03 0.20 1.03 1.02 1.36 1.03 2.90

1.27 0.15 0.88 3.73 4.03 4.92 3.93 9.74

0.22 0.03 0.19 0.64 0.71 0.84 0.72 1.56

1.40 0.24 1.35 4.32 4.52 5.25 4.80 8.09

0.31 0.07 0.28 0.88 1.02 1.12 1.06 1.58

0.85 0.20 0.78 2.56 2.89 3.15 3.05 4.18

0.11 0.04 0.11 0.38 0.44 0.5 0.46 0.55

0.78 0.22 0.65 2.65 2.93 3.14 2.84 3.53

0.12 0.03 0.09 0.36 0.43 0.54 0.43 0.50

Daday Saka



3 5 5 2 2 2 4 4

7-7-11-16 7-7-11-17 10-7-11-2 12-7-13-1 5-5-2012 5-8-2012 13-7-13-1 16-7-13-3

49.92 45.16 50.47 47.89 50.27 47.81 48.01 48.25

12.54 9.60 16.82 17.60 14.36 14.25 15.15 13.21

11.54 7.00 7.48 9.47 11.71 13.63 12.27 15.06

8.34 21.96 8.18 7.64 7.61 6.53 8.99 6.35

8.4 8.06 10 8.85 5.78 8.11 6.15 8.60

3.72 0.39 3.2 4.18 4.69 3.63 3.22 3.36

0.66 0.05 0.96 0.74 0.02 0.04 0.23 0.22

1.73 0.10 0.32 1.19 1.66 2.23 1.91 2.25

0.32 <0.01 0.02 0.12 0.13 0.18 0.28 0.15

0.33 0.18 0.12 0.16 0.18 0.20 0.30 0.22

0.101 0.185 0.079 0.044 0.029 0.012 0.020 0.011

2.1 6.8 2.1 1.8 3.3 3.1 3.2 2.1

99.76 99.63 99.81 99.75 99.79 99.74 99.70 99.77

88.6 297.2 35.5 48.1 38.5 28.3 30.6 28.4

24 23 33 34 45 44 37 46

165 75 132 225 282 385 252 434

51.7 57.6 38.1 39.8 40.7 42.8 32.3 45.4

49 2 149 82 5 14 18 166

6.6 0.4 18.6 11.0 b.d. b.d. 3.4 5.4

118.7 34.0 178 204.8 105.6 138.7 166.4 112.9

1 b.d. 0.1 b.d. 0.1 b.d. 0.5 b.d.

2.1 0.2 1 0.7 0.2 0.2 0.5 0.1

3.6 b.d. 0.4 0.2 0.4 0.4 1.2 0.3

3.5 0.1 0.5 1.9 2.9 3.8 6.4 3.7

26.4 0.3 0.8 2.9 4.5 4.6 7.8 2.7

1.5 b.d. b.d. 0.2 0.4 0.4 0.5 0.2

134.6 4.4 16.8 89.0 117.4 157.0 274.0 137.0

22.2 2.8 7.9 24.0 28.3 42.3 62.6 45.6

23.6 1.5 0.9 5.1 6.0 6.8 12.2 5.6

48.8 2.0 2.4 12.4 15.1 18.8 33.2 17.0

5.62 0.22 0.39 1.79 2.36 3.11 4.82 2.64

22.8 1.1 1.6 9.0 12.7 16.8 24.7 14.8

5.05 0.20 0.82 2.87 3.81 5.15 7.04 4.71

1.66 0.17 0.4 1.09 1.34 1.90 1.95 1.73

5.05 0.42 1 3.59 4.80 6.63 9.09 6.84

0.79 0.08 0.21 0.66 0.86 1.21 1.65 1.30

4.51 0.48 1.71 3.92 5.23 7.53 10.32 7.98

0.77 0.12 0.33 0.89 1.08 1.65 2.31 1.74

2.15 0.34 0.86 2.40 3.17 4.78 6.82 4.97

0.31 0.05 0.13 0.33 0.41 0.69 1.04 0.68

1.95 0.30 0.96 2.28 2.87 4.45 6.75 4.69

0.28 0.03 0.12 0.34 0.43 0.66 1.04 0.67

Saka Domuzdag



4 4 4 3 5 5 1 4

16-7-13-2 9-3-2012 IPS-13-05 4-13-2012 5-4-2012 4_8_2012 IPS-10-47 IPS-10-38

50.39 49.12 49.06 47.96 56.10 51.30 41.41 55.16

16.52 15.87 16.76 16.98 13.02 15.29 12.46 13.89

11.10 11.47 10.25 10.44 7.86 7.40 10.26 11.16

7.36 5.46 5.62 4.81 8.68 8.80 6.54 5.55

3.71 6.79 10.62 4.85 5.88 10.69 13.4 4.44

4.19 1.06 1.81 3.98 5.03 3.50 3.3 5.07

1.20 1.11 1.30 3.07 0.30 0.14 0.08 0.19

0.99 1.21 1.17 2.94 0.41 0.47 1.36 1.35

0.02 0.09 0.07 1.02 0.01 0.02 0.11 0.15

0.24 0.20 0.23 0.12 0.10 0.14 0.17 0.15

0.024 0.037 0.046 0.003 0.046 0.025 0.035 0.02

4.0 7.4 2.8 3.5 2.4 2.0 10.7 2.7

99.80 99.81 99.78 99.64 99.81 99.80 99.82 99.83

36.1 105.8 33.2 16.8 47.9 27.9 50.7 10.3

37 34 42 16 35 39 41 29

322 223 260 145 223 204 319 265

32.2 53.6 38.1 25.4 34.2 34.3 39.9 25.9

81 138 106 499 39 30 19 21

9.2 40.1 25.4 63.0 4.5 2.4 1.2 2.5

84.2 137.0 369.4 672.6 70.9 151.1 108.2 78.2

b.d. 0.5 b.d. 2.2 b.d. b.d. 1 0.3

0.3 1.6 1.1 1.1 0.4 0.2 0.9 0.7

0.3 1.7 b.d. 10.7 b.d. b.d. b.d. 0.3

1.4 2.2 2.1 10.4 0.6 0.6 1.8 2.4

1.8 5.5 1.2 96.6 0.7 2.0 1.9 2.1

b.d. 0.4 0.1 5.9 b.d. b.d. 0.1 0.1

56.3 81.5 78.0 463.7 16.7 20.1 70.5 79.5

21.4 23.5 23.1 31.9 11.0 11.4 27.6 27.2

3.8 8.8 3.4 86.7 0.8 2.0 2.7 3.3

9.4 19.0 9.8 170.1 1.9 3.6 8.1 10.2

1.46 2.52 1.63 19.36 0.26 0.59 1.39 1.53

7.7 12.1 7.8 73.7 1.6 3.0 7.4 9.5

2.32 3.17 2.49 12.30 0.80 1.09 2.76 3.11

0.91 1.09 1.03 3.65 0.35 0.59 0.93 1.03

3.38 3.94 3.53 10.60 1.23 1.47 3.97 3.99

0.62 0.71 0.66 1.42 0.28 0.29 0.77 0.8

3.85 4.15 4.20 7.13 1.86 2.07 5.14 4.68

0.81 0.88 0.89 1.14 0.49 0.44 1.03 1.08

2.42 2.53 2.55 2.88 1.31 1.16 3.25 3.24

0.33 0.40 0.38 0.39 0.20 0.16 0.49 0.49

2.03 2.53 2.34 2.30 1.25 1.10 3.26 3.34

0.33 0.37 0.35 0.30 0.19 0.18 0.45 0.5

Domuzdag Arkotdag Melange
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