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1. Introduction
Following the Late Cretaceous northward subduction of 
the Neotethyan Ocean under the Pontides, the Sakarya 
Zone and the Anatolide-Tauride Block were amalgamated 
during Paleocene time and the İzmir-Ankara-Erzincan 
Suture Zone (İAESZ) formed (Şengör and Yılmaz, 1981; 
Okay and Tüysüz, 1999). The Middle Eocene clastic 
and volcanic rocks cover all the pre-Eocene units with a 
pronounced unconformity along a roughly E-W trending 
belt of ≥1000 km in length north of the İAESZ (Harris et 
al., 1994; Keskin et al., 2008; Topuz et al. 2011; Altunkaynak 
and Dilek, 2013). Mainly turbiditic sediments filled the 
intermountain basins. Even though the Eocene is the time 
of the last marine sedimentation in the region, collision-
related compression lasted up until the Miocene (see 
Sunal and Erturaç, 2012, and the references therein and 
Özdamar et al., 2018).

Although the Eocene volcanic rocks developed along 
an almost continuous E-W belt (Figure 1), plutonic and 

subvolcanic rocks are concentrated mainly in the western 
and eastern parts of the belt. They have various sizes and 
are represented by plutons, stocks, and sills, and they show 
generally calc-alkaline (rarely high-K and shoshonitic), 
metaluminous to peraluminous I-type geochemical 
affinities. The Eocene magmatism with adakitic and 
nonadakitic signature is reported from both western and 
eastern parts of northern Anatolia (Topuz et al., 2005, 
2011; Karslı et al., 2010, 2011; Eyüboğlu et al., 2011; 
Altunkaynak et al., 2012; Dokuz et al., 2013). 

The Ekmekçi granodiorite porphyry in the Karacabey 
region is located in the western Sakarya Zone (Figure 
1). Its age was given as Paleozoic in a previous study 
because the metamorphic country rocks of the Ekmekçi 
granodiorite porphyry were thought to be of Paleozoic age 
(Ergül et al., 1986). However, later studies have shown that 
the metamorphism in the country rocks is of Late Triassic 
age (Okay and Monié, 1997), which conclusively indicates 
that the Ekmekçi granodiorite porphyry cannot be 
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Paleozoic in age. In this study, we present the zircon U-Pb 
age and major trace element and Sr-Nd isotope data from 
this granodiorite porphyry to provide information about 
its emplacement history and the Cenozoic postcollisional 
tectonomagmatic evolution of the NW Sakarya Zone. 

2. Geological setting
The Sakarya Zone is an E-W trending belt bounded by the 
Intra-Pontide suture to the north and the İzmir-Ankara-
Erzincan suture to the south (Okay and Tüysüz, 1999; 
Figure 1). The Sakarya Zone has a composite basement 
comprising Paleozoic and Permo-Triassic crystalline 
rocks, which are unconformably overlain by Jurassic 
and younger sedimentary units (Okay and Tüysüz, 1999; 
Okay and Göncüoğlu, 2004; Okay et al., 2006). The 
oldest rocks are represented by low-grade metamorphic 
rocks of unknown age, which were intruded by 
Devonian granites (Okay et al., 1994, 2006; Aysal et 
al., 2012b, 2012b; Sunal, 2012). Another basement type 
is reworked Paleozoic high-grade metamorphic rocks 
reported both from the western and the central Sakarya 
Zone. The Kazdağ Massif in the western Sakarya Zone is 
made up of amphibolite-facies paragneiss, orthogneiss, 

schists, marble, and metaophiolites (Okay et al., 1996; 
Duru et al., 2004; Cavazza et al., 2009). The essential 
part of the pre-Jurassic basement is represented by Early 
Carboniferous high-temperature/middle to low-pressure 
metamorphic rocks exposed in the Pulur, Kurtoğlu, and 
Sarıcakaya areas (Topuz and Altherr, 2004; Topuz et 
al., 2004, 2007). These are intruded by Carboniferous 
granitoids (Topuz et al., 2010; Dokuz, 2011; Kaygusuz 
et al., 2012; Ustaömer et al, 2012). The Permo-Triassic 
low-grade metamorphic rocks, which are commonly 
interpreted as accretionary complexes and known as the 
Karakaya Complex, represent another group of basement 
units. They include greenschist- to blueschist-facies 
metabasite, phyllite, marble and minor metachert, and 
tectonic slices of serpentinite. The metabasites include at 
least one tectonic lens of Triassic eclogite dated at 205 
± 3 Ma (Okay and Monié, 1997). Moreover, there are 
tectonic slices of Middle Permian ophiolite (Topuz et 
al., 2018). In the Karacabey region, these basement units 
are unconformably overlain by Jurassic sandstone and 
carbonate (Ergül et al., 1986; Altıner, 1991; Sunal, 2012; 
Aysal et al., 2012a). Besides those direct occurrences of 
pre-Jurassic basements in the Sakarya Zone, a wide range 
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of pre-Jurassic detrital zircon ages revealing the complete 
basement history of the Sakarya Zone was reported 
(Akdoğan et al., 2018; Şengün and Koralay, 2019).

The Ekmekçi granodiorite porphyry is a small 
stock, which intrudes into the metamorphic rocks of 
the Lower Karakaya Complex (Figure 2). This shallow-
level intrusion, which was considered as a part of the 
Karacabey pluton in previous studies (Ergül et al., 1986), 
is dated as Early Eocene here.
3. Analytical techniques
3.1. Whole-rock analyses
The whole-rock powders were split from 1–5 kg of crushed 
rocks. Whole-rock analyses were performed at Acme 
Analytical Laboratories Ltd. in Vancouver, Canada. Rock 
powder of 200 mg was mixed with 1.5 g of LiBO2 flux in 
a graphite crucible. Subsequently, the crucible was placed 
in an oven and heated to 1050 °C for 15 min. The molten 

samples were dissolved in 5% HNO3 (ACS grade nitric acid 
diluted in demineralized water). International reference 
samples and reagent blanks were added to the sample 
sequence. For analyses of major elements and the trace 
elements Ba, Nb, Ni, Sr, Sc, Y, and Zr, sample solutions 
were aspirated into an ICP atomic emission spectrograph 
(Jarrel Ash AtomComb 975). For the determination of 
other trace elements including rare earth elements, the 
solutions were aspirated into an ICP mass spectrometer 
(PerkinElmer Elan 6000). Accuracy was better than 2% for 
major and better than 10% for trace elements.
3.2. Sr-Nd isotope analyses
Isotope ratio measurements were performed on the 
Finnigan MAT 262 TIMS of the Isotope Geochemistry 
Group of the University of Tübingen (Germany). Sample 
powders were weighed into Teflon beakers and mixed 
with adequate amounts of tracer solutions enriched in 
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87Rb/84Sr and 149Sm/150Nd, respectively. Digestion was 
achieved via HF (48%)-HNO3 (65%) acid attack by placing 
the closed beakers on a hot plate at 140 °C. Digested 
samples were dried and transformed to chlorides in 6 N 
HCl. The samples were then redissolved in 2.5 N HCl for 
chromatographic separation. Rb, Sr, and light rare earth 
elements were purified by conventional ion exchange 
chromatography using quartz glass columns filled with 
Bio-Rad AG 50W-X12 (200–400 mesh). Subsequent 
separation of Sm and Nd was achieved using a reverse 
ion chromatographic procedure using quartz glass 
columns filled with HDEHP resin (Richard et al., 1976). 
Sr separates were loaded with a Ta-activator on W single 
filaments and isotope ratio measurements were performed 
in dynamic mode. Rb was loaded on Re double filaments. 
Analytical mass fractionation was corrected using a 
88Sr/86Sr ratio of 8.375209 and exponential law. Long-term 
reproducibility for NBS SRM 987 (n = 30) is 0.710248 ± 11 
for the 87Sr/86Sr ratio. Total procedural blanks (chemistry 
and loading) were <450 pg for Sr and <15 pg for Rb. Sm 
and Nd were loaded as phosphate on Re double filaments 
and measured in static multiple collector mode. Analytical 
mass fractionation was corrected with 146Nd/144Nd of 
0.7219 using exponential law. Repeated measurements of 
the La Jolla Nd standard (n = 12) gave a 143Nd/144Nd ratio 
of 0.511838 ± 13. Procedural blanks were <90 pg for Nd 
and <20 pg for Sm.
3.3. Zircon U-Pb LA-ICP-MS technique
Zircons were extracted from rock samples by standard 
mineral separation techniques with crushing, sieving, 
Frantz isodynamic magnetic separation, and heavy liquids 
and were finally handpicked under a binocular microscope. 
A fraction with grain sizes of 63–200 µm was then classified 
according to crystal properties (i.e. euhedral morphology, 
lack of overgrowth, and visible inclusions). The grains 
were mounted in epoxy resin, polished, and imaged using 
cathodoluminescence (CL) on a Zeiss Evo 50 EP scanning 
electron microscope at Hacettepe University in Ankara. 

LA-ICP-MS analyses for the zircons were performed 
at the Institute of Geosciences at Johannes Gutenberg 
University Mainz, utilizing a system consisting of a 
New Wave 213 nm laser coupled to an Agilent 7500ce 
quadrupole ICP-MS. Analytical procedures are the same as 
outlined by Topuz et al. (2010, 2011). Final age calculation 
was performed using the computer program Isoplot 3.0 
(Ludwig, 2003). 

4. Results
4.1. Petrography of the Early Eocene Ekmekçi granodi-
orite porphyry
The Ekmekçi granodiorite porphyry consists of plagioclase 
(>40 vol.%), K-feldspar (~10 vol.%), quartz (~25 
vol.%), hornblende (~10 vol.%), and biotite (~5 vol.%) 

phenocrysts set in a fine-grained groundmass of the same 
minerals (Figure 3). Idiomorphic plagioclase phenocrysts 
are often corroded by fine-grained plagioclase grains in 
the groundmass and occasionally contain inclusions of 
magnetite, apatite, zircon, and titanite. Hornblende occurs 
as elongate euhedral crystals. Biotite is represented by 
elongated and small crystals. Titanite is always associated 
with the opaque phase. Zircon and apatite occur generally 
as inclusions in plagioclase and biotite. 
4.2. U-Pb zircon dating 
Sample KG29 from the granodiorite porphyry was dated 
using the zircon U-Pb LA-ICP-MS method (Figure 2). 
Figure 4 shows cathodoluminescence (CL) images of the 
zircons extracted from sample KG29. All analyzed zircons 
have perfect internal oscillatory zoning indicating their 
magmatic origin. Sector zoning is also a common feature for 
the zircons. Inheritance is not clear in the CL photographs.

In total, 21 spots were analyzed (Table 1). The ages are 
concordant or slightly discordant (Figure 5). Only seven 
analyses are concordant (between 90-110%). 206Pb/238U 
ages of the spots range between 47 and 54 Ma (Table 1). 
On a Tera-Wasserburg plot, a lower intercept age of 50.9 ± 
1.2 Ma (2 s) (Ypresian, Early Eocene) was obtained (Figure 
5), which is interpreted as the crystallization age of the 
Ekmekçi granodiorite porphyry. 
4.3. Major and trace element geochemistry
A total of 4 samples from the Ekmekçi granodiorite 
porphyry were analyzed for their major and trace element 
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Figure 3. Cross-polarized thin-section photomicrograph of 
hornblende-rich granodiorite porphyry (KG29). Pl: Plagioclase, 
Qz: quartz, Hb: hornblende, Opq: opaque minerals.
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compositions (Table 2; Figure 2). Petrographic features of 
the analyzed samples are similar (see Section 4.1). 

The chemical compositions of the samples fall into the 
granodiorite and quartz diorite fields on SiO2 versus total 
alkali diagrams (Figure 6; Middlemost, 1985). In AFM 
and SiO2 versus K2O classifications (Figure 7a; Irvine and 
Baragar, 1971; Peccerillo and Taylor, 1976), they plot in the 
field of calc-alkaline series except for one sample, which 
falls into the tholeiite series (Figure 7b). All the samples lie 
in the metaluminous, I-type field of Shand (1943) (Figure 
7c). 

SiO2 abundances of the samples vary in a narrow range 
between 64 and 66 wt.% (Table 2). TiO2, Al2O3, MgO, CaO, 
and Na2O concentrations also vary in a narrow range. The 
Fe2O3

tot concentration is slightly higher in sample KG34 
than in other samples (western sample). The Mg# ranges 
from 36 to 41 (Table 2). 

Chondrite-normalized rare earth element (REE) 
patterns of the samples show slight HREE (heavy rare 
earth elements: Dy to Lu) concave upward shapes (Figure 
8). Furthermore, they are characterized by slight negative 
Eu anomalies (Eu/Eu* is ~0.86; Table 2; Figure 8), 

100 µm

Figure 4. Cathodoluminescence (CL) images of the zircons extracted from sample KG29. All grains have oscillatory magmatic 
zoning and are free of inheritance. For ages, see Table 1.



594

SUNAL et al. / Turkish J Earth Sci

signifying no significant plagioclase fractionation during 
granodiorite formation. (La/Yb)cn ratios are generally 
low (~5; Table 2), indicating slight fractionation of light 
REEs relative to middle REEs, while there is almost no 
fractionation of middle REEs relative to heavy REEs.

Primitive mantle-normalized element concentration 
diagrams of the granodiorites exhibit negative anomalies 
of Ta-Nb, P, and Ti relative to their adjacent large-ion 
lithophile elements (LILEs: Sr, K, Rb, Ba, and Th) and light 
rare earth elements (LREEs: La to Nd) (Figure 8).  
4.4. Sr-Nd isotope geochemistry
Whole-rock Sr and Nd isotope data are listed in Table 3. 
Initial Nd and Sr isotopic compositions are recalculated 
to 51 Ma. All of the samples have similar initial 87Sr/86Sr 
and 143Nd/144Nd ratios of 0.70442–0.70496 and 0.51256–
0.51260, respectively (Table 3; Figure 9). Initial epsilon 

Nd values of the samples are generally positive (0.1 and 
0.6), except for sample KG40, which has a slightly negative 
value (–0.3) (Table 3). 

5. Discussion
5.1. Geological context during the late Cretaceous-Eo-
cene interval in the Sakarya Zone
The Late Cretaceous history of northern Anatolia is marked 
by E-W trending arc-related magmatic rocks resulting 
from the northward subduction of the Neotethyan Ocean 
under the Pontides. The Paleocene corresponds to the 
main collision between the Anatolide-Tauride block and 
the Pontides (Şengör and Yılmaz, 1981; Okay et al., 1994; 
Okay and Tüysüz, 1999). The İAESZ formed as a result 
of this collision. The Eocene period is represented by 
postcollisional intermountain basin formation (Tüysüz and 

Table 1. U-Pb zircon geochronological data of sample KG29.

  Apparent ages (Ma)

Spot U
(ppm)

Th
(ppm) Th/U 207Pb/235U 206Pb/238U rho 207Pb/206Pb 208Pb/232Th 207Pb/235U 206Pb/238U 208Pb/232Th Concordance

1 385 190 0.49 0.057(05) 0.0079(03) 0.08 0.0548(053) 0.0022(03) 56.5 ± 5.2 50.5 ± 1.6 45.2 ± 6.1 89%

2 599 363 0.61 0.049(04) 0.0076(03) 0.33 0.0469(039) 0.0021(02) 48.6 ± 4.1 49.0 ± 1.6 41.8 ± 5.0 101%

3 401 175 0.44 0.053(05) 0.0079(29) 0.29 0.0496(043) 0.0022(03) 52.4 ± 4.7 50.5 ± 1.6 45.2 ± 6.1 96%

4 398 174 0.44 0.052(06) 0.0080(02) 0.02 0.0485(053) 0.0022(03) 51.6 ± 5.4 51.2 ± 2.3 43.5 ± 6.0 99%

5 452 260 0.57 0.053(05) 0.0079(02) 0.02 0.0503(056) 0.0021(03) 52 ± 5.3 50.5 ± 1.6 41.8 ± 5.8 97%

6 624 377 0.60 0.052(05) 0.0076(40) 0.40 0.0501(042) 0.0022(03) 51.7 ± 4.7 49.0 ± 1.6 45.2 ± 5.3 95%

7 500 275 0.55 0.069(10) 0.0082(02) 0.02 0.0654(096) 0.0029(05) 68.2 ± 9.1 52.9 ± 2.5 57.8 ± 9.7 78%

8 508 290 0.57 0.060(09) 0.0080(02) 0.02 0.0587(091) 0.0025(04) 59.5 ± 8.6 51.5 ± 2.5 50.4 ± 7.8 86%

9 389 147 0.38 0.063(12) 0.0082(05) 0.05 0.0588(116) 0.0023(04) 61.6 ± 11.5 52.9 ± 3.2 46.7 ± 9.0 86%

10 636 445 0.70 0.061(09) 0.0081(08) 0.08 0.0578(088) 0.0026(04) 60.2 ± 8.4 52.2 ± 3.2 52.2 ± 7.9 87%

11* 399 205 0.51 0.116(34) 0.0073(41) -0.41 0.1339(471) 0.0052(17) 111 ± 31.2 47.1 ± 5.2 104.4 ± 33.5 42%

12 295 139 0.47 0.089(14) 0.0084(02) 0.02 0.0870(160) 0.0028(06) 86.3 ± 13.1 53.6 ± 3.2  56.0 ± 11.1 62%

13 351 182 0.52 0.056(10) 0.0079(22) 0.22 0.0576(105) 0.0026(05) 55.8 ± 10.1 50.8 ± 3.8 52.2 ± 9.3 91%

14 408 225 0.55 0.077(14) 0.0082(02) 0.02 0.0716(138) 0.0030(06) 75.6 ± 13.6 52.9 ± 3.2  59.7 ± 12.9 70%

15 223 87 0.39 0.062(15) 0.0079(02) 0.02 0.0625(160) 0.0032(07) 61.3 ± 14.3 50.8 ± 3.8  65.3 ± 13.2 83%

16 522 255 0.49 0.040(07) 0.0077(16) 0.16 0.0409(077) 0.0023(04) 39.8 ± 7.3 49.3 ± 3.1 46.7 ± 9.0 124%

17 529 277 0.52 0.035(07) 0.0084(02) 0.02 0.0327(066) 0.0024(04) 34.7 ± 6.5 53.6 ± 3.2 48.5 ± 7.6 155%

18 340 138 0.41 0.060(11) 0.0081(20) 0.20 0.0570(106) 0.0021(04) 59.1 ± 10.9 52.2 ± 3.2 42.9 ± 8.8 88%

19 365 152 0.42 0.047(09) 0.0085(13) 0.13 0.0441(081) 0.0030(06) 47 ± 8.4 54.4 ± 3.2 59.7 ± 11.3 116%

20 449 193 0.43 0.051(09) 0.0084(23) 0.23 0.0467(078) 0.0022(04) 50.8 ± 8.5 53.6 ± 3.2 44.8 ± 8.9 106%

21 474 221 0.47 0.053(10) 0.0082(02) 0.02 0.0511(108) 0.0024(05) 52.1 ± 9.4 52.9 ± 3.2 48.5 ± 9.1 102%

U and Th concentrations are estimated from sensitivity factors calculated from GJ zircon (the Mainz crystal has 322 ppm U and 10.7 
ppm Th). 235U is calculated from 238U using a 238U/235U ratio of 137.88. rho = error correlation defined as the quotient of the propagated 
errors of the 206Pb/238U, 207Pb/235U, and 207Pb/206Pb ratios. Uncertainties in parentheses are given for the last two digits (three digits for 
207Pb/206Pb) and correspond to 1σ. * = analysis is not used for age calculation due to anomalous 207Pb/235U ratio.
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Dellaloğlu, 1992; Tüysüz et al., 1995). Almost everywhere in 
the Pontides, mostly along the İAESZ and the Intra-Pontide 
Suture Zone, Eocene flysch type sediments with extensive 
volcanic rocks unconformably overlie the older rocks 
(see Keskin et al., 2008 for a compilation). Furthermore, 
there are Eocene plutonic rocks of various shapes and 
sizes intruding into the pre-Paleocene units of the eastern 
Pontides, Sakarya, and Tavşanlı Zones in NW Anatolia 
(Harris et al., 1994; Köprübaşı and Aldanmaz., 2004; Topuz 
et al., 2005, 2011; Okay and Satır, 2006; Karacık et al., 2008; 
Ustaömer et al., 2009; Karslı et al., 2011; Altunkaynak et 
al., 2012; Ersoy and Palmer, 2013; Topuz and Okay, 2017). 

During Oligocene time a regional exhumation took 
place (Hejl et al., 2010; Cavazza et al., 2012) and the whole 
of the Pontides, except the westernmost part (northern 
and eastern part of the Thrace basin; Less et al., 2011; Okay 
et al. 2019), was uplifted above sea level. Thus, the Eocene 
sediments represent the last marine deposits in most of the 
Pontides. 
5.2. Eocene magmatism in the Sakarya Zone
The Paleocene in the Pontides is represented by collisional 
events and marks the end of the subduction-related 
magmatism related to the İzmir-Ankara-Erzincan ocean. 
Therefore, Eocene magmatism is considered postcollisional 
with respect to closure time of the İzmir-Ankara-Erzincan 
suture (Harris et al., 1994). Even if there is a consensus 
about the postcollisional nature of the Eocene magmatism 
in the region, there are different ideas about the genesis of 
Eocene magmatism. For example, some researchers claim 
that the Eocene magmatism in northwest Turkey is related 
to subduction along the branches of the Tethys (Okay 
and Satır, 2006; Ustaömer et al., 2009). In the western 
Sakarya Zone, Okay and Satır (2006) attributed the arc-
like geochemical signature of the plutonic rocks south 
of the İAESZ to the NE-vergent subduction along the 
Hellenic subduction zone. Furthermore, Ustaömer et al. 
(2009) assigned a middle Eocene sill of Marmara Island to 
a magmatic arc that postdates suturing and was emplaced 
in the early stages of mountain building. In the Eastern 
Pontides, Eyüboğlu et al. (2011) claimed that the Eocene 
magmatic rocks they investigated represented subduction-
related adakitic magmas based on the geochemical 
characteristics of the rocks. They proposed southward 
subduction of the Tethys Ocean in the present-day Black 
Sea basin. However, there is a general consensus about the 
postcollisional character of the Eocene magmatic rocks 
with respect to the İAESZ because of the well-known nature 
of the geological basement of the Pontides and occurrence 
of Eocene plutonic and volcanic rocks both to the north 
and south of the İAESZ. This is in clear contradiction to 
the distribution of Late Cretaceous magmatic rocks, which 
are confined to the north of the İAESZ. 

In the western Sakarya Zone and also in the southern 

Table 2. Whole-rock analyses of collected samples.

Sample KG34 KG29 KG40 KG30

SiO2 64.0 65.0 66.1 65.4
TiO2 0.48 0.46 0.40 0.43
Al2O3 16.94 17.24 16.80 16.85
Fe2O3

tot 5.11 3.68 3.57 4.12
MnO 0.06 0.04 0.06 0.06
MgO 1.71 1.03 1.15 1.42
CaO 5.06 4.66 4.88 5.00
Na2O 4.35 5.03 4.68 4.83
K2O 1.30 1.65 1.53 0.99
P2O5 0.16 0.16 0.14 0.15
LOI 1.08 1.08 0.73 0.89
Total 100.3 100.1 100.1 100.1
Ni 1.5 2.4 1.0 1.7
Co 5.6 5.6 5.4 3.4
V 61 59 48 58
Cu 3.5 11.9 16.2 1.9
Zn 32 16 15 15
Cs 1.3 0.1 0.3 0.1
Rb 30.4 19.4 30.7 16.9
Ba 325 251 343 350
U 2.1 1.7 1.4 2.1
Th 6.0 6.6 7.1 7.3
Pb 2.4 2.3 1.3 1.1
Sr 445.7 485.5 417.0 416.5
Nb 6.9 7.6 7.3 7.7
Ta 0.5 0.6 0.8 0.6
Zr 129.7 125.4 126.0 133.0
Hf 3.3 3.4 3.3 3.5
Y 23.4 23.1 22.8 22.1
Ga 16.4 16.2 17.2 17.0
La 21.2 23.0 23.5 20.0
Ce 40.9 42.1 47.6 40.0
Pr 4.49 4.73 4.92 4.38
Nd 17.8 18.3 18.9 17.3
Sm 3.34 3.99 3.76 3.64
Eu 1.03 1.15 1.06 1.01
Gd 4.00 4.22 3.65 3.48
Tb 0.62 0.66 0.60 0.59
Dy 3.91 4.66 3.72 3.71
Ho 0.82 0.88 0.86 0.78
Er 2.49 2.88 2.42 2.35
Tm 0.40 0.40 0.37 0.35
Yb 2.64 2.88 2.68 2.87
Lu 0.44 0.48 0.43 0.43
K2O/Na2O 0.30 0.33 0.33 0.20
Mg# 39.87 35.67 38.96 40.58
ASI 0.95 0.93 0.92 0.93
(La/Yb)cn 5.41 5.38 5.91 4.70
Eu/Eu* 0.86 0.85 0.86 0.86

Mg# = 100 × (MgO/(MgO + FeOtot)) in molar proportions.
ASI = aluminum saturation index = molar Al2O3/(CaO + Na2O 
+ K2O).
(La/Yb)cn = chondrite-normalized La/Yb ratio.
Eu/Eu* = [ Eucn / (Smcn.Gdcn) 0.5].
Oxides are given in wt.% trace elements in µg/g.
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Figure 5. Tera-Wasserburg plot of zircons from dated sample KG29 (Isoplot 3.0, 
Ludwig, 2003).
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part of the İstanbul Zone, Eocene plutonic rocks are 
classified according to their position relative to the İAESZ. 
Altunkaynak et al. (2012) described two distinct zones 
within the northern Neotethys suture zone, namely the 
northern and southern belts. The northern belt is slightly 
older (52–45 Ma) than the southern one (47–36 Ma). They 
also stated that the northern belt granitoids have inherited 
zircons, indicating more continental crust involvement in 
magma generation. The rocks of the southern belt are calc-
alkaline to high-K calc-alkaline (Köprübaşı and Aldanmaz, 
2004; Okay and Satır, 2006; Karacık et al., 2008; Çelebi 
and Köprübaşı, 2014), except some syenites from the 
Orhaneli Pluton, which are alkaline in nature (shoshonitic; 
Altunkaynak et al., 2012). Some of the high-K calc-
alkaline varieties in the Orhaneli Pluton reveal an adakitic 
nature (Altunkaynak et al., 2012) (Figure 10), whereas the 
northern belt generally represents calc-alkaline to high-K 
calc-alkaline rocks, except the Fıstıklı pluton, which shows 
tholeiitic affinity (Altunkaynak et al., 2012). In terms of 
geochemical features, plutons in the southern belt are 
very complex. In general, considering the plutonic rocks 
emplaced in the whole range of the Pontides, through 
time, starting from the Early Eocene to the Late Eocene, 
the nature of the magmatism changes from adakitic to 
nonadakitic magmatism (Topuz et al., 2005, 2011; Karslı 
et al., 2011; Eyüboğlu et al., 2011), except for some of the 
plutons intruded into the southern belt of NW Anatolia 
(Figure 10) (see Altunkaynak et al., 2012). When we 
compare Late Eocene Uludağ granite (Topuz and Okay, 
2017) with the others, it is completely different in terms of 
normalized trace element and REE distributions (Figure 
8), revealing an adakitic nature unlike most of the Late 
Eocene granitoids discussed above. 

The volcanic equivalents of these Eocene plutons 
are generally distributed along the northern parts of the 
suture zone (Keskin et al., 2008; Kürkçüoğlu et al., 2008; 
Altunkaynak and Dilek, 2013; Ersoy and Palmer, 2013; 
Gülmez et al., 2013; Elmas et al., 2016; Kasapoğlu et 
al., 2016; Ersoy et al., 2017a, 2017b). Primitive mantle-
normalized trace element distributions from the Ekmekçi 
granodiorite porphyry are similar to the volcanic rocks 
in general and deviate from the plutonic rocks in some 
trace elements such as Cs, Yb, and Lu (Figure 8). The 
chondrite-normalized REE element pattern of the 
Ekmekçi granodiorite porphyry is similar to some of 
the granitoids from both southern and northern plutons 
(see Figure 8). Furthermore, the REE pattern (Figure 8) 
almost perfectly matches the REE distribution field of 
the Nallıhan intermediate volcanics (Kasapoğlu et al., 
2016). Early Eocene magmatism in the Eastern Pontides 
is adakitic in nature (Topuz et al., 2005, 2011; Karslı et 
al., 2010; Dokuz et al., 2013), whereas Early-Late Eocene 
volcanism in NW Anatolia reveals a nonadakitic signature 
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Figure 7. The distribution of the samples on the AFM diagram 
of Irvine and Baragar (1971), K2O-SiO2 diagram of Peccerillo and 
Taylor (1976), and A/NK vs. A/CNK diagram of Shand (1943). 
All samples belong to the medium-K, calc-alkaline series except 
one in the tholeiite series on the K2O-SiO2 diagram of Peccerillo 
and Taylor (1976).
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(Kürkçüoğlu et al., 2008; Gülmez et al., 2013; Elmas et al., 
2016; Kasapoğlu et al., 2016; Ersoy et al., 2017a, 2017b), 
which is also similar to the central Pontides (Keskin et al., 
2008; Göçmengil et al., 2018). 

When we compare Nd and Sr isotope ratios of the 
Ekmekçi granodiorite porphyry with plutonic and volcanic 
rocks of NW Anatolia (Figure 9), all of the isotope ratios 
obtained from the Ekmekçi granodiorite porphyry are 

similar to those of the mafic-intermediate volcanic rocks 
of NW Anatolia but are different than those from Eocene 
plutonic rocks (Figure 9). 

The primitive mantle-normalized trace element 
patterns of the samples show enrichments in LILEs (Rb, 
Ba, Th, U, and K) relative to the high-field-strength 
elements (Ti, Hf, Zr, Nb, and Ta; Figure 8). The negative 
anomalies in Nb and Ta are characteristic of subduction-
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Table 3. Sr-Nd isotopic data of the Ekmekçi granodiorite porphyry samples.

Sample 87Rb/86Sr 87Sr/86Sr 87/86Sr (i) 147Sm/144Nd 143Nd/144Nd 143/144Nd (i) εNd (i) TDM (Ga)

KG29 0.1269 0.705054(13) 0.70496 0.131654 0.512645(05) 0.512601 0.6 0.88
KG30 0.1239 0.704549(13) 0.70446 0.129480 0.512619(10) 0.512575 0.1 0.91
KG34 0.2091 0.704750(12)  0.70460 0.131759 0.512629(10) 0.512584 0.2 0.91
KG40 0.2321 0.704591(09) 0.70442 0.127670 0.512600(10) 0.512557 –0.3 0.92

Uncertainties for the 87Sr/86Sr and 143Nd/144Nd ratios are 2σ errors in the last two digits (in parentheses).
Initial values are calculated for an assumed age of 51 Ma. εNd (i) values are calculated relative to CHUR 
with present day values of 143Nd/144Nd = 0.512638 and 147Sm/144Nd = 0.1967 (Jacobsen and Wasserburg, 1980).
Nd model ages (TDM) are calculated with a depleted-mantle reservoir and present-day values of
143Nd/144Nd = 0.513151 and 147Sm/144Nd = 0.219 (e.g., Liew and Hofmann, 1988).
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related magmas, generally regarded as the influx of 
LILEs through slab dehydration (e.g., McCulloch and 
Gamble, 1991). The chondrite-normalized REE pattern 
of the samples has fractionated LREEs compared to 

MREEs and HREEs. Furthermore, there is no significant 
fractionation between MREE and HREE profiles. The Eu 
anomaly in the REE pattern is generally a consequence 
of the fractionation of feldspar (Taylor and McLennan, 

0.512200

0.512400

0.512600

0.512800

0.513000

14
3

14
4

N
d/

N
d

87 86Sr/ Sr
0.70200 0.70400 0.70600 0.70800

-intermediate
lavas of NW 

Latest Eocene Uludağ
metagranite

Lower continental
crust

Upper continental
crust

BSE

EM1

E-MORB

Mantle Array

of northern belt of
NW of southern belt of

NW 

N-MORB

Figure 9. 143Nd/144Nd (51) vs. 87Sr/86Sr (51) diagram of the analyzed granodiorites (black 
diamonds). MORB and EM1 compositions are from Zindler and Hart (1986) and BSE 
(Bulk Silicate Earth) composition is from Hart et al. (1992). Sources: Kürkçüoğlu et al. 
(2008). Altunkaynak et al. (2012) and the references therein, Altunkaynak and Dilek 
(2013), Gülmez et al. (2013), Kasapoğlu et al. (2016), Topuz and Okay (2017).

0

50

100

150

200

250

300

350

400

450

0.0 10.0 20.0 30.0 40.0 50.0

Sr
/Y

Y (ppm)

Early-Middle Eocene (52-45Ma) 
of southern belt of NW 

Early Eocene (56-50Ma) 
of E Pontides NE 

Middle-Late Eocene (45-38 Ma) granitoids
of E Pontides NE Anatolia

Middle-Late Eocene (47-36 Ma) 
of northern belt of NW 

Figure 10. Sr/Y against Y plots indicating the classical arc nature of granodiorite 
porphyry samples from the Ekmekçi granodiorite (black diamonds). Fields for adakite  
and classical arc are taken from Martin et al. (2005). Sources: Topuz et al. (2005), Topuz 
et al. (2011), Karslı et al. (2011), Eyüboğlu et al. (2011), Altunkaynak et al. (2012) and 
the references therein.



600

SUNAL et al. / Turkish J Earth Sci

1985). The Ekmekçi granodiorite has a weak negative 
Eu anomaly (Eu/Eu* is ~0.86; Table 2; Figure 8), which 
indicates minor plagioclase fractionation. Sr isotopes 
reveal depleted values with respect to the bulk Earth value, 
whereas Nd isotopes are enriched (Figure 9). This situation 
cannot be explained by only fractional crystallization 
and/or crustal contamination. The low ratio of Sr 
isotopes is not compatible with crustal contamination. 
Furthermore, εNd(i) values of the Ekmekçi granodiorite 
are between –0.3 and 0.6, which are not compatible with 
other granitoids of ~52 Ma in NW Anatolia (Orhaneli 
and Gürgenyayla granitoids; Altunkaynak et al., 2012). 
Besides, the Nd-depleted mantle model (TDM) values of the 
Ekmekçi granodiorite (0.88–0.92 Ga) are lower than those 
of the ~52 Ma granitoids (Orhaneli and Gürgenyayla; 
Altunkaynak et al., 2012). In particular, 87/86Sr (i) values 
overlap with EM1 (enriched mantle) values (Figure 9). 
Taking all these features into account, it can be concluded 
that partial melting of subduction-modified lithospheric 
mantle through the upwelling of asthenosphere in a slab 
window (tear) contributed to the formation of the Ekmekçi 
granodiorite. 

6. Conclusions
The Ekmekçi stock is a granodioritic intrusion in the 
northern belt of the postcollisional magmatic belt of NW 

Anatolia. It displays a middle-K calc-alkaline metaluminous 
I-type signature and a narrow compositional variation. 
The Ekmekçi granodiorite porphyry has compositional 
features similar to those formed in subduction-related 
magmatic rocks at the active continental margins and 
postcollisional settings. 

The Ekmekçi granodiorite porphyry is located in the 
northern belt of the NW Anatolian Eocene plutons, but 
in terms of the age span of the rocks, it is similar to the 
southern belt. When the geochemical characteristics and 
the ages of the Eocene magmatic rocks are considered, 
the Ekmekçi granodiorite porphyry is closely related to 
the NW Anatolian Eocene volcanic rocks rather than the 
plutonic rocks. Nd and Sr isotope ratios also reveal that it 
is similar to Eocene volcanic rocks in NW Anatolia and 
different from the Eocene plutonic rocks. 
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