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ƐNd(T) (6.0–7.5) values with 206Pb/204Pb (18.199–18.581), 
207Pb/204Pb (15.571–15.639) and 208Pb/204Pb (38.292–
38.605) ratios indicating a depleted mantle source modified 
with a subduction component. They show similar isotopic 
characteristics to the other supra-subduction zone (SSZ) 
ophiolites in the Eastern Mediterranean to East Anato-
lian–Lesser Caucasus and Iran regions. It is suggested that 
the Ekecikdağ plagiogranite was generated in a short time 
interval from a depleted mantle source in a SSZ/fore-arc 
basin setting, and its nature was further modified by a sub-
duction component during intra-oceanic subduction.

Keywords Plagiogranite · Ophiolite · Isotope · Turkey · 
Late Cretaceous

Introduction and geological setting

 Silicic rocks are not widespread in oceanic environments, 
but they are significant because of the petrological infor-
mation they carry out. Low-K silicic members of ophi-
olitic rocks are named generally as oceanic plagiogranites 
(e.g., Coleman and Peterman 1975). Related to the origin 
of oceanic plagiogranites, there are two main ideas (1) 
generation from mid-ocean ridge basalt (MORB) through 
extended fractional crystallization and (2) hydrous partial 
melting of mafic rocks, especially gabbros (e.g., Coleman 
and Peterman 1975; Coleman and Donato 1979; Aldiss 
1981; Koepke et al. 2007; France et al. 2010; Grimes et al. 
2013). The petrogenetic features of plagiogranites can pro-
vide important knowledge in determining the geodynamic 
nature of oceanic systems.

Turkey is located at an important area within the Teth-
yan realm at the conjunction of Eurasia and Gondwana 
(e.g., Göncüoglu et al. 1997; Göncüoglu 2014; Okay and 

Abstract In the Late Cretaceous, throughout the closure 
of the Neotethys Ocean, ophiolitic rocks from the İzmir–
Ankara–Erzincan ocean branch were overthrusted the 
northern margin of the Tauride-Anatolide Platform. The 
ophiolitic rocks in the Ekecikdağ (Aksaray/Central Turkey) 
region typify the oceanic crust of the İzmir–Ankara–Erzin-
can branch of Neotethys. The gabbros in the area are cut 
by copious plagiogranite dykes, and both rock units are 
intruded by mafic dykes. The plagiogranites are leucocratic, 
fine- to medium-grained calc-alkaline rocks characterized 
mainly by plagioclase and quartz, with minor amounts 
of biotite, hornblende and clinopyroxene, and accessory 
phases of zircon, titanite, apatite and opaque minerals. They 
are tonalite and trondhjemite in composition with high SiO2 
(69.9–75.9 wt%) and exceptionally low K2O (<0.5 wt%) 
contents. The plagiogranites in common with gabbros 
and mafic dykes show high large-ion lithophile elements/
high-field strength element ratios with depletion in Nb, Ti 
and light rare-earth elements with respect to N-MORB. 
The plagiogranites together with gabbros and mafic dykes 
show low initial 87Sr/86Sr ratios (0.70419–0.70647), high 
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Tüysüz 1999; Bozkurt and Mittwede 2001). The Alpine 
orogeny, which is related to the closure of the Neotethys 
Ocean, predominantly shaped the present geological fea-
tures of Turkey and surrounding region (e.g., Moix et al. 
2008; Göncüoglu et al. 2015). The Pontides at the north, 
a former active southern margin of Eurasia, comprise 
the Istranca, İstanbul and Sakarya Terranes and bounded 
at the south by the İzmir–Ankara–Erzincan Ophiolite 
(İAEO) belt (e.g., Göncüoglu et al. 1997; Moix et al. 
2008). To the south of the İAEO belt in Central Turkey, 
the Tauride-Anatolide Platform (TAP) represents a Gond-
wana-derived terrane comprising the Central Anatolian 
Crystalline Complex (CACC) and the Menderes Massif 
(e.g., Göncüoglu et al. 1997, 2015). The SE Anatolian 
Ophiolite Belt marks the suture between the Tauride-Ana-
tolide Terrane and the Arabian Plate (e.g., Bozkurt and 
Mittwede 2001; Göncüoglu et al. 2015). Ophiolitic rocks 
in these suture belts are of particular interest as they pro-
vide information about the vanished Tethyan oceans in the 
Eastern Mediterranean.

Dismembered ophiolitic rocks in Central Anatolia char-
acterize relicts of the İAEO (Göncüoglu et al. 1991, 1997) 
(Fig. 1). The age of İAEO extends from the Late Carnian 
to the Late Cretaceous (e.g., Göncüoglu et al. 2010; Tekin 
et al. 2012). It was thrusted over the crustal units of the 
TAP in the course of the closure of Neotethys in the Late 
Cretaceous (e.g., Göncüoglu et al. 1997, 2015; Köksal et al. 
2012, 2013). Contrariwise, there are also distinct ideas 
suggesting that these ultramafic and mafic assemblages in 
Central Anatolia are not allochthonous ophiolitic bodies 
but represent intrusions within the CACC (e.g., Kadıoğlu 
et al. 2003). Yet, it has been shown by Toksoy-Köksal et al. 
(2010) that especially the mafic assemblages of both intru-
sive and ophiolitic origin with very distinct geochemical 
fingerprints are present in the CACC. This distinction is 
partly followed by Deniz and Kadıoğlu (2016).

This research concerns mainly plagiogranites, besides 
mafic dykes and gabbros of the Central Anatolian Ophi-
olites (sensu Göncüoglu and Türeli 1993a) to the south of 
the Ekecikdağ (Aksaray—Turkey) being one of the type 

Fig. 1  Terrane map of Central 
Turkey (modified from Göncüo-
glu et al. 1997). Dotted area in 
the inset map shows the area 
of the figure. İAEOB, İzmir–
Ankara–Erzincan Ophiolite Belt
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localities in Central Anatolia (Fig. 1). In the Ekecikdağ 
region, as in the nearby areas, the ophiolitic rocks are 
thrusted over the Central Anatolian metamorphic basement 
and intruded by the Late Cretaceous granitoids (e.g., Tok-
soy-Köksal et al. 2009b).

The preliminary findings on the Ekecikdağ plagiogran-
ites were published in Türeli et al. (1993), Göncüoglu and 
Türeli (1993a) and Köksal et al. (2010). The present study 
provides new petrological input including the isotopic data 
on these ophiolitic rocks from the Ekecikdağ region, to 
investigate the origin of plagiogranites and their relation-
ships with the other ophiolitic rocks in the CACC and sur-
rounding regions.

Field relations and petrography

Outcrops of the ophiolitic rocks in the study area are 
located at the south of the Ekecikdağ (e.g., Göncüoglu and 
Türeli 1993a) (Fig. 1) and include mafic and ultramafic 
cumulates, and layered and isotropic gabbros. Plagiogranite 
outcrops mainly extend as a small stock between the Gök-
sügüzel and Bebek villages with typical occurrences on the 

Karaağıl Tepe and on the Kılavuz Tepe (Figs. 2, 3) within 
the Ekecikdağ gabbro. In the central part of the study area, 
where the sampling is concentrated, the screens/roof pen-
dants of the host gabbros are found within the plagiogran-
ites (Fig. 2b). Plagiogranites in the Ekecikdağ area are 
fine- to medium-grained, equigranular and generally leuco-
cratic rocks characterized by quartz and plagioclase in hand 
specimen. In some samples biotite, hornblende and pyrox-
ene contents are higher and visible up to few millimeters. 
Gabbros are fine- to medium-grained, dark grayish rocks 
mainly characterized by plagioclase, biotite and pyroxene 
minerals. The massive gabbros are cut by up to two-meter-
thick plagiogranite dykes (Fig. 3b). Mafic dykes, which 
are fine-grained dark grayish- to brownish-colored rocks, 
cut the plagiogranites and gabbros, and chilled margins are 
observed at the contact zones. These dykes generally lie in 
the NW–SE direction and are tens of meters long and one 
to three meters thick (Fig. 3a). 

Petrographically, the plagiogranites are medium-grained 
rocks with major abundance of plagioclase and quartz. 
Moreover, minor amounts of biotite, hornblende and clino-
pyroxene are present (Fig. 4a, b). Accessory amounts of 
zircon, titanite, apatite and opaque minerals together with 

Fig. 2  a Geological map of the Ekecikdağ area and surrounding region (after Göncüoglu and Türeli 1993a). b Geological map of the study area 
(after Göncüoglu and Türeli 1993a). CAG Central Anatolian Granitoids; CAM Central Anatolian Metamorphics
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some alteration phases like chlorite, epidote and sericite are 
observed in the studied samples. These rocks are equigran-
ular and characterized by hypidiomorphic to granophyric 
texture, with typical myrmekitic intergrowth of quartz and 
plagioclase (Fig. 4b). Anhedral quartz crystals with varying 
sizes are also found as interstitial phases among the pla-
gioclases. Plagioclase crystals are mostly euhedral and are 
partly albitized at rims and along fractures. Albitization and 
epidotization on plagioclases along with chloritization and 
epidotization on pyroxenes infer sea-floor hydrothermal 
alteration up to low greenschist metamorphic conditions.

The gabbros are medium grained, composing essentially 
plagioclase and diopsidic clinopyroxene, and accessory 
amount of opaque and sphene. The gabbros show granular 
and ophitic to subophitic textures (Fig. 4c, d). Plagioclase 
crystals with varying sizes are euhedral to subhedral, where 
small plagioclase laths are found in clinopyroxenes, and 
fine to medium plagioclase crystals are distributed through 
mafic crystals. Subhedral to anhedral clinopyroxene crys-
tals enclose plagioclases. The textural features infer that the 

crystallization order of the gabbro is plagioclase → plagio-
clase + clinopyroxene. Thus, two generation of plagioclase 
is likely to be present in the gabbro samples.

The mafic dykes are fine-grained rocks containing euhe-
dral to subhedral plagioclase laths, uralitic hornblende dis-
playing poikilitic texture having clinopyroxene relicts with 
rare quartz and accessory opaque minerals (Fig. 4e, f). Fer-
romagnesian minerals are interstitially distributed among 
the plagioclase laths. Actinolitic replacement of the horn-
blende as a product of alteration is common in the mafic 
dykes.

Analytical methods

Geochemical analyses of the major, trace and rare-earth 
elements (REE) (Tables 1, 2, 3, 4) and isotope analyses 
from five representative whole-rock samples from pla-
giogranites were performed to determine the petrogenetic 
features of the plagiogranites in the study area. For com-
parison, elemental and isotopic analyses of whole-rock 
samples from gabbros and mafic dyke units were also done. 
Elemental concentrations were determined subsequent to 
lithium metaborate/tetraborate fusion and dilute nitric acid 
digestion by inductively coupled plasma atomic emission 
spectrometer (ICP-OES) for major elements and induc-
tively coupled plasma mass spectrometer (ICP-MS) for 
trace and rare-earth elements at ACME Analytical Labora-
tories Ltd. (Canada). Results of the STD SO-18 (in-house 
reference material of ACME Analytical Laboratories Ltd.) 
are also reported in Tables 1, 2 and 3.  

Strontium, Nd and Pb isotope analyses were per-
formed at the Radiogenic Isotope Laboratory of Central 
Laboratory, Middle East Technical University, Ankara, 
Turkey (Tables 5, 6). Chemical treatment and column 
chemistry were performed in 100-class clean laboratory 
with ultrapure chemical agents. Powdered rock samples 
(approximately 120 mg) were leached with 4 ml of 52 % 
HF for 4 days on the hot plate (>100 °C). These samples 
were dried and dissolved overnight in 4 ml 6 N HCl on the 
hot plate. Afterward samples were dried, and one-third of 
the samples were separated and dissolved in 2 N HCl for 
Pb chromatography, and remaining parts were dissolved in 
2.5 N HCl for Sr and Nd chromatography.

Strontium was separated from other elements in 2 ml 
volume BioRad AG50 W-X8 (100–200 mesh) resin in 
Teflon columns in a 2.5 N HCl medium. After separation 
of Sr, excessive Ba was removed by using 2.5 N HNO3. 
Subsequently REE fraction was enriched with 6 N HCl in 
these columns. Neodymium was separated from REE frac-
tion in 2 ml HDEHP (bis-ethyexyl phosphate)-coated bio-
beads (BioRad) resin by using 0.22 N HCl in Teflon col-
umns. Strontium was loaded on single Re filaments with 

Fig. 3  Field photographs of the Ekecikdağ ophiolitic rocks, a mafic 
dyke cutting plagiogranite, b plagiogranite cutting gabbro
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0.005 N H3PO4 and Ta activator to improve efficiency. 
Neodymium, on the other hand, was loaded on double 
filaments with 0.005 N H3PO4. 

87Sr/86Sr ratios are nor-
malized with 86Sr/88Sr = 0.1194, and 143Nd/144Nd ratios 

were normalized with 146Nd/144Nd = 0.7219. During 
the analyses NIST SRM 987 and La Jolla Nd standards 
were measured as 87Sr/86Sr = 0.710258 ± 10 (n = 2) and 
143Nd/144Nd = 0.511847 ± 5 (n = 2), respectively, and no 

Fig. 4  Petrographic microphotographs of the Ekecikdağ ophiolitic rocks (a) and (b) plagiogranites, (c) and (d) gabbro, (e) and (f) mafic dyke. 
Pl plagioclase; Qz quartz; Bt biotite; Hbl hornblende; Cpx clinopyroxene; Op opaque; Act actinolite
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bias correction was applied on the measured Sr and Nd iso-
tope data. Quality control of the Sr and Nd isotope analyses 
was checked by applying the same procedures to the USGS 
rock standards. During the period of analyses, the AGV-1 
USGS standard gave 87Sr/86Sr = 0.703993 ± 12 (n = 2) 
and 143Nd/144Nd = 0.512784 ± 3 (n = 2) and the G2 

USGS standard gave 87Sr/86Sr = 0.709775 ± 10 (n = 2) 
and 143Nd/144Nd = 0.512224 ± 3 (n = 2), respectively.

Separation and column chromatography of Pb were 
performed in Teflon columns in a BioRad AG1-X8 anion 
exchange resin by using HBr–HCl ion exchange method. 
Lead was collected after successively adding HCl and HBr 

Table 1  Major element compositions of the rock units in the study area

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 LOI Total

% % % % % % % % % % % % %

Plagiogranites

EK-34 75.92 12.81 2.51 0.34 2.46 4.22 0.18 0.16 0.026 0.11 0.024 1.2 99.96

EK-40 71.84 14.29 3.28 0.60 4.11 3.81 0.25 0.30 0.070 0.08 0.048 1.3 99.98

EK-41 71.40 14.07 4.04 0.82 4.43 3.46 0.49 0.34 0.070 0.09 0.046 0.7 99.96

EK-44 69.87 13.83 5.17 1.13 4.45 3.73 0.40 0.44 0.072 0.10 0.051 0.7 99.95

EK-49 71.53 13.55 4.11 0.92 3.91 3.38 0.41 0.33 0.062 0.09 0.053 1.6 99.94

Gabbros

EK-30 50.71 17.11 9.67 8.13 11.60 1.23 0.14 0.37 0.037 0.17 0.023 0.6 99.80

EK-33 49.64 19.70 2.48 5.72 18.29 2.11 0.10 0.56 0.071 0.05 0.031 1.1 99.85

EK-36 49.85 17.67 2.96 6.83 18.39 1.93 0.05 0.35 0.015 0.06 0.030 1.7 99.83

EK-55 52.80 15.68 10.06 6.71 11.50 1.38 0.09 0.70 0.079 0.14 0.039 0.6 99.79

EK-56 53.12 15.46 8.68 7.77 11.82 1.09 0.16 0.34 0.027 0.17 0.041 1.1 99.79

Mafic dykes

EK-47 52.13 16.63 12.14 5.56 9.66 2.00 0.10 0.54 0.040 0.19 0.016 0.8 99.81

EK-48 48.94 14.99 10.45 9.94 12.32 1.23 0.10 0.74 0.065 0.17 0.077 0.7 99.74

Standard

STD SO-18 58.10 14.14 7.62 3.33 6.38 3.69 2.15 0.69 0.802 0.39 0.549 1.9 99.74

Table 2  Some trace element compositions of the rock units in the study area

Ba Cs Ga Hf Nb Rb Sr Th U V Zr Y Pb Zn Cu Ni Sc Mo Co

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

Plagiogranites

EK-34 76 0.3 12.0 3.2 0.9 2.3 102.3 0.6 0.3 10 90.0 37.9 0.9 63 7.5 4.8 9 2.2 2.0

EK-40 52 1.1 13.0 2.0 0.7 9.1 103.4 0.2 0.2 24 53.9 24.9 0.6 22 6.0 7.5 11 5.3 3.9

EK-41 58 0.6 12.5 1.7 0.7 10.5 80.6 0.2 0.1 40 45.2 28.4 0.6 30 3.5 5.9 16 5.1 5.4

EK-44 53 0.3 13.4 1.5 0.7 7.0 77.5 0.2 0.1 83 34.5 39.2 0.9 24 7.5 7.2 23 5.4 8.4

EK-49 66 1.4 13.2 2.2 0.7 13.8 84.1 0.3 0.2 44 51.9 36.3 1.0 25 6.6 8.5 17 6.1 6.2

Gabbros

EK-30 29 0.6 12.2 0.4 0.2 3.5 65.9 0.2 0.1 310 9.4 9.7 0.9 7 35.2 13.3 46 1.7 42.2

EK-33 12 0.4 11.6 1.7 0.6 2.0 241.1 0.2 0.1 233 44.7 25.5 1.2 4 7.7 4.6 49 3.0 9.0

EK-36 14 0.3 10.9 0.8 0.3 1.8 151.1 0.2 0.1 224 18.0 14.2 2.7 7 5.3 3.5 46 2.4 11.5

EK-55 26 0.2 15.1 1.5 0.5 1.6 127.4 0.2 0.1 324 48.7 18.5 0.6 4 9 6.4 40 1.4 36.7

EK-56 9 1.1 12.3 0.3 0.2 10.6 82.7 0.2 0.1 272 7.5 9.7 12.0 12 26.1 9.8 49 2.7 41.8

Mafic dykes

EK-47 10 0.8 14.6 0.4 0.2 2.7 108.1 0.2 0.1 426 10.6 9.8 1.2 13 163.5 7.1 54 1.8 41.6

EK-48 15 1.9 14.1 0.8 0.3 2.3 94.2 0.2 0.1 339 25.2 14.0 0.7 7 58.3 37.9 46 1.4 49.3

Standard

STD SO-18 520 6.9 18 10 22 29.1 423.3 10.3 16.8 215 293.4 32.1 <0.1 <1 <0.1 <0.1 25 <0.1 28.5
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following a procedure modified after Romer et al. (2001). 
Lead was loaded with silica gel and 0.005 N H3PO4 on 
single filaments and measured at 1250–1350 °C in a static 
mode. NIST SRM981 measured during the analyses, which 
gave 16.916, 15.470 and 36.645 (n = 4) for 206Pb/204Pb, 
207Pb/204Pb and 208Pb/204Pb, respectively, and necessary 
corrections were made on the results. AGV-2 and BCR-2 
USGS reference materials were also processed and meas-
ured in the same period, and results are given in Table 6. 
The Pb isotope data obtained from the USGS reference 
materials are comparable with the data in the literature 
(e.g., mean data of Weiss et al. 2006; Table 6). All isotopic 

ratios were measured by using a Thermo-Fisher Triton 
thermal ionization mass spectrometer, and standard errors 
were presented in 2-sigma level.

Geochemistry

The geochemical data, including Sr, Nd and Pb isotopes, 
are presented in Tables 1, 2, 3, 4, 5, 6. Previously published 
geochemical data from plagiogranites in the study area (i.e., 
Göncüoglu and Türeli 1993a) including major elements 
with limited trace elements (Rb, Sr, Ba, Zr, Y and Nb) and 
data from two plagiogranite samples from the study area 
(EK-40 and 41) (i.e., Grimes et al. 2013) are broadly sim-
ilar to the results presented in this study; thus, these data 
were not taken into account to get rid of repetition.

Hydrothermal alteration and even very low-grade meta-
morphism that could modify chemical composition are 
probable for most of the ophiolitic rocks. Therefore, before 
geochemical interpretations the behavior of specific ele-
ments during alteration is taken into account. As the SiO2 
and Al2O3 contents of the rocks are plotted against silici-
fication index (SI), pronounced linear trends indicating 
absence of silicification and/or loss of SiO2 among the sam-
ples within each group are obtained (Fig. 5a, b). Moreover, 
there is no correlation of SiO2 content to 100*(K2O+MgO)/
(K2O+MgO+Na2O+CaO) (AI) and Al2O3/Na2O (SDI) 
within each rock group that promotes no modification in SiO2 
of the rocks (Fig. 5c, d). The rocks least altered are negligi-
ble in MgO/FeO ratio (Coish et al. 1983), but plot of Al2O3/

Table 3  Rare-earth element compositions of the rock units in the study area

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu (Eu/Eu*)N (La/Yb)N Nb/Yb

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

Plagiogranites

EK-34 3.0 8.5 1.55 8.4 3.06 0.70 4.36 0.91 5.76 1.34 4.25 0.69 4.58 0.74 0.58 0.44 0.20

EK-40 1.9 5.8 0.99 5.7 1.96 0.76 2.93 0.61 4.09 0.91 2.67 0.44 2.79 0.47 0.97 0.46 0.25

EK-41 1.7 5.5 1.00 5.8 2.17 0.69 3.28 0.67 4.46 1.00 3.08 0.49 3.20 0.51 0.79 0.36 0.22

EK-44 2.1 5.8 1.14 6.8 2.90 0.80 4.56 0.93 6.35 1.43 4.25 0.66 4.27 0.64 0.67 0.33 0.16

EK-49 2.0 6.3 1.16 7.0 2.62 0.75 4.15 0.83 5.65 1.28 3.86 0.63 3.97 0.63 0.69 0.34 0.18

Gabbros

EK-30 0.8 1.8 0.34 1.8 0.69 0.39 1.09 0.25 1.47 0.35 1.05 0.17 1.13 0.17 1.37 0.48 0.18

EK-33 1.2 3.3 0.63 3.5 1.36 0.39 2.47 0.58 4.02 0.95 2.92 0.46 3.04 0.51 0.65 0.27 0.20

EK-36 0.5 1.5 0.32 1.9 0.89 0.25 1.57 0.35 2.33 0.53 1.59 0.26 1.75 0.30 0.64 0.19 0.17

EK-55 2.6 6.4 1.17 5.8 1.98 0.76 2.58 0.51 3.25 0.73 2.12 0.33 2.03 0.32 1.02 0.87 0.25

EK-56 0.4 1.2 0.25 1.6 0.71 0.32 1.15 0.24 1.65 0.38 1.12 0.18 1.16 0.19 1.08 0.23 0.17

Mafic dykes

EK-47 0.5 1.4 0.26 1.6 0.68 0.31 1.19 0.23 1.71 0.38 1.12 0.19 1.18 0.19 1.05 0.29 0.17

EK-48 1.5 4.0 0.70 3.9 1.39 0.58 2.01 0.38 2.57 0.52 1.49 0.24 1.47 0.23 1.06 0.69 0.20

Standard

STD SO-18 12.4 27 3.45 14 2.99 0.9 2.98 0.52 3.00 0.62 1.84 0.29 1.8 0.28

Table 4  Normative mineralogy of the plagiogranite samples from the 
study area

EK-34 EK-40 EK-41 EK-44 EK-49

Quartz 46.50 40.83 40.43 37.74 42.81

Anorthite 11.92 19.93 21.36 19.93 19.18

Diopside 0.00 0.00 0.00 0.45 0.00

Sphene 0.00 0.00 0.06 0.64 0.00

Hypersthene 0.72 1.28 1.75 2.23 1.99

Albite 37.33 33.95 30.77 33.45 30.41

Orthoclase 1.14 1.59 3.11 2.56 2.64

Apatite 0.06 0.14 0.14 0.14 0.12

Ilmenite 0.14 0.10 0.11 0.13 0.11

Corundum 0.88 0.31 0.00 0.00 0.41

Rutile 0.02 0.14 0.14 0.00 0.15

Hematite 1.31 1.72 2.12 2.73 2.18
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Na2O against MgO/FeO for the studied rocks displays that 
two gabbro samples with higher MgO/FeO ratio scatter from 
the linear trend (Fig. 5e). This might be due to low magmatic 
FeO content of the samples (EK-33 and EK-36) rather than 
alteration because these two samples lie in the least altered 
rock field of Large et al. (2001) on the 100*(MgO+FeO)/
(MgO+FeO+Na2O+K2O) (CCPI) against AI diagram 
(Fig. 5f) and in fresh to weakly altered field of Spitz and 
Darling (1978) on Al2O3/Na2O vs. Na2O diagram (Fig. 5g). 
Lower AI values of plagiogranites and higher CCPI values 
of few mafic samples compared to least altered rocks of 
Large et al. (2001) on the CCPI against AI diagram might 
be related to primary mineral content rather than sericite 
chlorite alteration (Fig. 5f). Alkali mobility that might result 
from spilitization and K-metasomatism is also evaluated by 
plotting on K2O + Na2O vs. K2O/(K2O + Na2O) diagram 
of Hughes (1973). The samples almost lie in or near igneous 
spectrum field that infer no alteration (Fig. 5h). This assump-
tion is well supported by plot of plagiogranites in fresh to 
weakly altered field of Spitz and Darling (1978) in Al2O3/
Na2O vs. Na2O diagram (Fig. 5g). Both in K2O + Na2O vs. 
K2O/(K2O + Na2O) and Al2O3/Na2O vs. Na2O diagrams, the 
rock types show pronounced linear trends within each group 
supporting lack of significant alteration. Chemical index of 
alteration (Al2O3/(Al2O3 + Na2O + K2O + CaO) of the 
rocks (plagiogranite: 62–65, mafic rock: 47–59) also sup-
ports that chemical alteration is not significant (fresh mafic 
rocks: 30–45 and fresh felsic rocks: 45–55, Fedo et al. 1995). 
However, the sample EK-48 showing scatter in SiO2, Al2O3, 
MgO/FeO from mafic trends might be slightly affected by 
alteration. Additionally plagiogranite sample EK-34 also dif-
fers from other plagiogranite samples, which may be related 
to its higher albite content (i.e., chemical composition) or 
slight albitization alteration effect.

Although alteration is inconsequential, the behav-
ior of some critical elements against Zr/TiO2 is also con-
trolled (Fig. 6) regarding the immobile nature of high field 
strength elements (HFSE) (e.g., Zr, Nb, Ti, Hf, Y) (e.g., 
Pearce 1983). Variation of several elements against Zr/TiO2 
as a discrimination factor shows that alteration is not sig-
nificant (Fig. 6). Only two samples (EK-34: plagiogranite 
and EK-48: mafic dyke) display slight effect of alteration 
for Rb and Sr.

On the Na2O + K2O versus SiO2 classification of Irvine 
and Baragar (1971) all samples plot in the subalkaline field 
(not shown). On the ternary diagram (FeO*–Na2O–K2O) 
of Irvine and Baragar (1971), plagiogranite samples show 
calc-alkaline trend, while mafic dyke and gabbro samples 
have tholeiitic affinity (not shown).

The samples from plagiogranites in the Ekecikdağ area 
are characterized by their high SiO2 (69.87–75.92 wt%) and 
remarkably low K2O (less than 0.5 wt%) contents (Table 1; 
Fig. 7), which are typical for oceanic plagiogranites (Cole-
man and Peterman 1975). They have extremely low ortho-
clase content and plot in the tonalite and trondhjemite fields 
on the normative Ab–An–Or diagram (Table 4; Fig. 8a). 
Their moderate to high Na2O (3.4–4.2 wt%) and CaO 
(2.4–4.5 wt%) contents, moderate to low Al2O3 contents 
(12.8–14.3 wt%), besides low TiO2 (less than 0.45 wt%) 
and MgO (less than 1.14 wt%) contents are also consist-
ent with the common definition of oceanic plagiogranites 
(e.g., Coleman and Peterman 1975; Arth 1979; Coleman 
and Donato 1979).

Concerning major elements, gabbros and mafic dykes 
significantly differ from plagiogranites with their lower 
SiO2 and Na2O, besides higher Al2O3, MgO and CaO 
contents (Table 1; Fig. 7). Major element characteristics 
of gabbros and mafic dykes are broadly similar to each 

Table 5  Strontium and neodymium isotopic compositions of the rock units in the study area

Elemental compositions are from Tables 2 and 3
a T = 90 Ma

87Sr/86Sr(m) Rb (ppm) Sr (ppm) 87Sr/86Sr(T)
a 143Nd/144Nd(m) Nd (ppm) Sm (ppm) 143Nd/144Nd(T)

a εNd(T)
a

Plagiogranites

EK-34 0.705971 ± 10 2.3 102.3 0.705888 0.512958 ± 14 8.4 3.06 0.512828 6.0

EK-40 0.704840 ± 9 9.1 103.4 0.704514 0.512966 ± 6 5.7 1.96 0.512844 6.3

EK-41 0.704675 ± 7 10.5 80.6 0.704193 0.513042 ± 16 5.8 2.17 0.512909 7.5

EK-44 0.704521 ± 8 7.0 77.5 0.704187 0.513018 ± 11 6.8 2.90 0.512866 6.7

EK-49 0.705076 ± 5 13.8 84.1 0.704469 0.512996 ± 7 7.0 2.62 0.512863 6.6

Gabbros

EK-33 0.705635 ± 28 2.0 241.1 0.705605 0.513008 ± 4 3.5 1.36 0.512870 6.8

EK-36 0.705990 ± 24 1.8 151.1 0.705946 0.513005 ± 12 1.9 0.89 0.512838 6.2

Mafic dykes

EK-47 0.706565 ± 32 2.7 108.1 0.706473 0.513019 ± 11 1.6 0.68 0.512868 6.7

EK-48 0.704694 ± 11 2.3 94.2 0.704604 0.513003 ± 3 3.9 1.39 0.512876 6.9
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other (Table 1; Fig. 7). On the Zr/TiO2 vs. Nb/Y dia-
gram all samples show subalkaline character (Fig. 8b). 
Mafic dyke samples plot in subalkaline basalt field, while 
gabbro samples plot in subalkaline basalt to andesite/
basalt field (Fig. 8b) that infer diorite-gabbro transitional 
composition.

All samples show LILE enrichment with respect to 
N-MORB (normalization after Sun and McDonough 
1989), but Rb, Ba, K are fairly enriched in plagiogranites 
(Fig. 9a). Nb and Ti depletion with respect to N-MORB 
is common for all samples, while Nb content is higher in 
plagiogranites (Fig. 9a). Additionally, V and Sc are lower; 
Hf, Y, Zn and Zr are generally higher in plagiogranites 
(Table 2; Fig. 7) with respect to gabbros and mafic dykes. 
Ekecikdağ ophiolitic rocks broadly coincide with the trends 

of both back-arc and fore-arc SSZ ophiolites (after Metcalf 
and Shervais 2008). The rocks show broadly similar con-
cave upward to flat patterns in N-MORB-normalized REE 
diagram (Fig. 9b). Gabbros and mafic dyke samples almost 
show depletion in all REE with mild depletion in LREE 
with respect to N-MORB (Fig. 9b), while plagiogranites 
are generally enriched both in LREE and in HREE with 
respect to other samples. Plagiogranites show negative Eu 
anomalies ([Eu/Eu*]N = 0.58–0.97), which infer retention 
of Eu by remaining plagioclase in source rock (Table 3). 
Conversely, mafic dykes lack Eu anomaly (1.05–1.06) that 
point out a plagioclase-poor residue. Gabbro samples, on 
the other hand, show a large range of Eu anomalies from 
negative to positive (0.64–1.37). The negative Eu anom-
aly in the gabbros may point to plagioclase fractionation 

Table 6  Lead isotopic compositions of the rock units in the study area together with those of the AGV-2 and BCR-2 USGS standards

a T = 90 Ma
b Elemental compositions are from Table 2
c Standard errors are in 2-sigma level

206Pb/204Pb(m)
207Pb/204Pb(m)

208Pb/204Pb(m) Thb (ppm) U (ppm) Pb (ppm) 206Pb/204Pb(T)
a 207Pb/204Pb(T)

a 208Pb/204Pb(T)
a

Plagiogranites

EK-40 18.4966 15.5943 38.4350 0.2 0.2 0.6 18.1987 15.5801 38.3373

Standard errorc 0.0011 0.0010 0.0026

EK-41 18.4820 15.5783 38.3898 0.2 0.1 0.6 18.3332 15.5712 38.2922

Standard error 0.0072 0.0061 0.0149

EK-44 18.4916 15.5847 38.4322 0.2 0.1 0.9 18.3924 15.5800 38.3671

Standard error 0.0017 0.0014 0.0034

EK-49 18.5880 15.6228 38.5846 0.3 0.2 1.0 18.4086 15.6142 38.4964

Standard error 0.0024 0.0021 0.0051

Gabbros

EK-33 18.6561 15.6429 38.6540 0.2 0.1 1.2 18.5812 15.6393 38.6049

Standard error 0.0092 0.0077 0.0190

EK-36 18.5739 15.6340 38.6024 0.2 0.1 2.7 18.5407 15.6324 38.5806

Standard error 0.0008 0.0007 0.0017

Mafic dykes

EK-47 18.5651 15.6051 38.5043 0.2 0.1 1.2 18.4905 15.6016 38.4553

Standard error 0.0011 0.0009 0.0022

EK-48 18.5859 15.6445 38.6141 0.2 0.1 0.7 18.4576 15.6383 38.5300

Standard error 0.0025 0.0020 0.0051

USGS standards measured during the period of analyses

AGV-2 (n = 3) 18.8655 15.6124 38.5228

Standard error 0.0174 0.0205 0.0697

BCR-2 (n = 4) 18.7512 15.6277 38.7239

Standard error 0.0141 0.0163 0.0573

USGS standards reported by Weiss et al. (2006)

AGV-2 18.8688 15.6173 38.5443

Standard error 0.0063 0.0071 0.0135

BCR-2 18.7529 15.6249 38.7237

Standard error 0.0195 0.0040 0.0405
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during gabbro crystallization; on the other hand, accom-
panying positive Eu anomaly is likely to be result of the 
existence of plagioclase in the gabbros. (La/Yb)N varies 
with 0.33 to 0.46 in plagiogranites, from 0.19 to 0.87 in 
gabbros and 0.29 to 0.69 in mafic dykes (Table 3). Conse-
quently geochemistry of the studied ophiolitic rocks sug-
gests depleted source which was modified by a subduction 
component (e.g., Nb- and Ti-negative anomalies). Further-
more, Sarıkaraman plagiogranites at the east of the study 
area reveal similar multielement variation trends with the 
Ekecikdağ plagiogranite (Fig. 10). Geochemical similari-
ties between Sarıkaraman and Ekecikdağ plagiogranites 
are also detected in Fig. 7, where Ekecikdağ plagiogranite 
samples plot next to Sarıkaraman plagiogranite data from 
Floyd et al. (1998).

On the Nb vs Y diagram (Pearce et al. 1984a) pla-
giogranites from the study area plot close to the fields of 
Evros, Oman, Troodos and Sarıkaraman ophiolitic rocks 
(Fig. 11). The plagiogranites reveal similar petrographic 
and geochemical characteristics to other well-studied pla-
giogranites from different ophiolitic rocks in the world. 
However, the abundance of Nb (less than 1 ppm) is dis-
tinctly lower than the other ophiolitic bodies (Fig. 11). The 
common characteristics of these suites are their SSZ origin 
(e.g., Pearce et al. 1984b; Bonev and Stampfli 2009).

On the Nb/La versus La/Yb diagram from Hollocher 
(2012) plagiogranites, together with gabbros and mafic 
dyke samples, are distributed from highly depleted MORB 
to oceanic arc fields with sediment-poor ocean subduction 
component (Fig. 12a). Nb/Yb ratios of all samples range 
from 0.10 to 0.25 (Table 2), which point out N-MORB 
source rather than E-MORB (e.g., Pearce 2008). Moreover, 
TiO2/Yb values range between 0.03 and 0.50 and are below 
the OIB array (deep melting) of Pearce (2008). Th/Yb ver-
sus Nb/Yb (Fig. 12b) diagram of Pearce (2008) reveals this 
depletion, but in this diagram increase in Th/Yb ratio due to 
subduction component is noteworthy.

On the SiO2–TiO2–K2O ternary diagram (Fig. 12c) 
plagiogranites plot in the field of gabbro anatexis; on the 
other hand, gabbros and mafic dyke samples show distri-
bution near to ophiolitic rocks from Oman (Grimes et al. 
2013). Furthermore, on the TiO2 versus SiO2 diagram 
(Koepke et al. 2007), all samples plot in partial melting 

field of mid-ocean ridge gabbros producing silicic mag-
mas (Fig. 12d). Therefore, partial melting of gabbro is 
suggested as a probable process for the generation of the 
Ekecikdağ plagiogranite (e.g., Fig. 12c, d).

In multielement variation diagrams (Fig. 9a), samples 
from the Ekecikdağ ophiolitic rocks generally show high 
LILE/HFSE ratios, especially for plagiogranites, where 
LILE contents are generally higher than N-MORB, and 
HFSE contents are somewhat less than and/or almost iden-
tical to those of N-MORB. This trend is an indication for 
their difference from N-MORB source and is the case 
observed in both fore-arc and back-arc SSZ environments 
(e.g., Metcalf and Shervais 2008) (Fig. 9). Significant 
enrichment of molybdenum in plagiogranites (e.g., 2.2–
6.1 ppm, Table 2), on the other hand, can be related to dif-
ferentiation from mafic magma or secondary hydrothermal 
effects (e.g., Kuroda and Sandell 1954). Diagrams related 
to alteration revealed that the hydrothermal effects are not 
significant in the Ekecikdağ ophiolitic rocks; therefore, 
differentiation from mafic magma is likely to be the case 
recorded from molybdenum contents. However, effects of 
hydrous components which could further modify the geo-
chemical nature cannot be disregarded as seen on Th/Yb 
versus Nb/Yb diagram (Fig. 12b).

Depletion of trace elements detected in the Ekecikdağ 
ophiolitic rocks is consistent with their SSZ origin (e.g., 
Pearce et al. 1984a). Furthermore, deviation of the chem-
ical features of the Ekecikdağ ophiolitic rocks from 
N-MORB chemistry (e.g., Figs. 9, 12) implies that second-
ary effects were raised due to contamination by hydrother-
mally altered crust at the base of the sheeted dike complex 
and in the upper gabbros (e.g., Grimes et al. 2013) and/or 
metasomatic agents derived from a subducted slab during 
supra-subduction event (e.g., Toksoy-Köksal et al. 2009a).

Isotope geochemistry

Measured and initial whole-rock isotope data are pre-
sented in Tables 5 and 6. For the initial 87Sr/86Sr ratio cal-
culation 90 Ma is used. This is the age of the Sarıkaraman 
plagiogranite (e.g., Yalınız et al. 1999; van Hinsbergen 
et al. 2016), which is accepted to be the equivalent of the 
Ekecikdağ plagiogranite regarding the identical geological 
setting (e.g., Fig. 1) and geochemical character (Figs. 7, 10, 
11).

The initial 87Sr/86Sr ratios of plagiogranites in the 
study area range from 0.704187 to 0.705888 (Table 5). 
The range of this ratio is 0.705605–0.705946 for gab-
bros and 0.704604–0.706473 for mafic dykes (Table 5). 
Additionally, the initial 143Nd/144Nd ratios range between 
0.512828 and 0.512909 for plagiogranites, 0.512838 and 

Fig. 5  Alteration index diagrams a SiO2 versus 100* SiO2/
(SiO2 + Al2O3), b Al2O3 versus 100* SiO2/(SiO2 + Al2O3), 
c 100*(MgO + K2O)/(MgO + CaO + Na2O + K2O) ver-
sus SiO2, d Al2O3/Na2O versus SiO2, e MgO/FeO versus Al2O3/
Na2O, f 100*(MgO + FeO)/(MgO + FeO + Na2O + K2O) versus 
100*(MgO + K2O)/(MgO + CaO + Na2O + K2O) (least altered box 
by Large et al. (2001)), g Al2O3/Na2O versus Na2O (fresh to weakly 
altered box by Ruks et al. (2006)), h Na2O + K2O versus K2O/
(Na2O + K2O) (igneous spectrum field by Hughes (1973))

◂
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0.512870 for gabbros and 0.512868 and 0.512876 for 
mafic dykes. Neodymium isotope data of the Ekecikdağ 
ophiolitic rocks are of a very limited range and compara-
ble to those of N-MORB (e.g., 0.512992–0.513269, Chau-
vel and Blichert-Toft 2001; 0.513083 ± 0.000020, Gale 
et al. 2013). However, Sr isotope data show some scatter 
especially for mafic dyke samples and one plagiogranite 
sample reaching considerably higher ratios than those of 
N-MORB (e.g., 0.702540–0.702920, Dupré and Allègre 
1980; 0.702807 ± 0.000078, Gale et al. 2013). To sum up 
high initial Nd and generally low initial Sr isotopic com-
positions of the Ekecikdağ ophiolitic rocks point out their 
mantle origin.

The initial lead isotopic data of plagiogranites display 
non-scattered 206Pb/204Pb (18.199–18.409), 207Pb/204Pb 
(15.571–15.614) and 208Pb/204Pb (38.292–38.496) ratios 
(Table 6). Gabbros reveal (18.541–18.581), (15.632–
15.639) and (38.581–38.605) ranges for 206Pb/204Pb, 
207Pb/204Pb and 208Pb/204Pb ratios, respectively (Table 6). 
Moreover, mafic dyke samples have (18.458–18.490), 
(15.602–15.638) and (38.455–38.530) ranges for 
206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios, respectively 

(Table 6). As a conclusion, all of the rock types in the area 
are isotopically similar to each other and show slightly 
higher Pb/Pb isotope data with respect to the mean 
N-MORB Pb isotope data presented by Gale et al. (2013) 
(i.e., 18.298 ± 0.082, 15.505 ± 0.009, 37.992 ± 0.086, 
for 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios, 
respectively).

On the ƐNd(T) vs. 87Sr/86Sr(T) diagram (Fig. 13) the 
Ekecikdağ plagiogranites together with gabbros and mafic 
dykes reveal depleted source character, showing no ten-
dency to enriched mantle reservoirs. They distribute close 
to the Nd–Sr isotope data of the ophiolitic rocks from the 
surrounding areas within the Eastern Mediterranean region 
such as the Eastern Vardar Zone, Samothraki and Troodos. 
Although limited, Nd–Sr isotope data from the Late Creta-
ceous (95 Ma) Stepanavan calc-alkaline lavas, which were 
suggested to be formed in a SSZ environment in the Lesser 
Caucaus (Armenia) (e.g., Rolland et al. 2009), also plot in 
nearby areas. Additionally, Nd–Sr isotopes of Iran ophi-
olites from Gogher-Baft and Neyriz (Shafaii Moghadam 
et al. 2013) together with the altered Oman lavas (God-
ard et al. 2006) plot in adjacent areas with the Ekecikdağ 

Fig. 6  Elemental variation diagrams for investigating alteration in the Ekecikdağ ophiolitic rocks. Selected elements plot against Zr/TiO2
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ophiolitic rocks and other ophiolitic rocks from the East-
ern Mediterranean (Fig. 13). The ƐNd(T) data from Dehshir 
ophiolite in Iran range from 6.44 to 8.31 (Shafaii Mogh-
adam et al. 2012), which also coincide with the isotopic 
composition of the Ekecikdağ ophiolitic rocks. The nota-
ble scatter in 87Sr/86Sr isotope data of one plagiogranite 

(EK-34) and one mafic dyke (EK-48) sample could be 
related to the limited mobility of Rb and Sr under low-
temperature seafloor alteration and is also observed in other 
ophiolitic suites (e.g., Hoernle 1998). Nevertheless, four 
plagiogranite samples cluster in a narrow initial Sr isotope 
data range from 0.70418 to 0.70451. Least altered mafic 

Fig. 7  Variation diagrams of selected elements against SiO2. Sarıkaraman plagiogranites data are from Floyd et al. (1998)
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dyke sample (EK-47) reveals highest initial 87Sr/86Sr ratio 
among the studied samples, but it is difficult to constrain 
the Sr isotopic nature of all mafic dykes in the area owing 
to the limited isotope data. Nd isotope data from both of 
the mafic dyke samples are not only close to each other 
but also akin to other ophiolitic rock samples concerned in 
this study. Hence, it is plausible to propose similar isotopic 
source characteristics for both of the mafic dyke samples.

The lead isotope data plot above the NHRL and show 
compositions akin to the other Eastern Mediterranean ophi-
olitic rocks, i.e., Troodos, Baer Bassit and Oman ophiolitic 
rocks (Fig. 14). It is notable in these diagrams that the Pb 
isotope data from Gogher-Baft ophiolites (Iran), which was 

Fig. 8  a Normative albite (ab)-anorthite (an)-orthoclase (or) ternary diagram (Barker 1979) of Ekecikdağ plagiogranites, b Zr/TiO2 versus Nb/Y 
diagram (Winchester and Floyd 1977) of the Ekecikdağ ophiolitic rocks

Fig. 9  a N-MORB normalized (after Sun and McDonough 1989) 
multielement diagrams for the Ekecikdağ ophiolitic rocks, fore-arc 
and back-arc SSZ ophiolitic rocks areas are from Metcalf and Sher-
vais (2008), b N-MORB normalized (after Sun and McDonough 
1989) rare-earth element patterns for the Ekecikdağ ophiolitic rocks

Fig. 10  N-MORB-normalized (after Sun and McDonough 1989) 
multielement diagrams for the Ekecikdağ and Sarıkaraman plagi-
ogranites
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described as fore-arc ophiolitic rocks (e.g., Shafaii Mogh-
adam et al. 2013), almost coincide with the data from the 
study area. The Ekecikdağ ophiolitic rocks do not plot in 
the field of enriched mantle sources, but they reveal rela-
tively higher 207Pb/204Pb and 208Pb/204Pb ratios than average 
N-MORB and BAB isotope data (e.g., Gale et al. 2013). 
This modification may be related to the isotopic character 
carried by sediments accompanying the subducted oceanic 
crust during the previous subduction event (e.g., Work-
man et al. 2004). On the 143Nd/144Nd versus 206Pb/204Pb 
(Fig. 15) diagram, an isotopic source character that is not 
enriched as much as enriched mantle reservoirs but not 
depleted as N-MORB and BAB sources is remarkable. 

When the Nd–Sr–Pb isotope data are evaluated together 
(Fig. 15), the Ekecikdağ ophiolitic rocks do not exactly plot 
in one of the source centers like DMM or EM. Therefore, it 
can be deduced that the ophiolitic Ekecikdağ rocks have an 
isotopic nature, which is a mixture of different components 
like DMM, HIMU (?) and EM as in the case of Hawaii 
ocean islands (e.g., Zindler and Hart 1986). However, 
effects of enrichment component(s) which may be sourced 

from trace element enriched pelagic or terrigenous sedi-
ments (e.g., Workman et al. 2004) might have been limited 
(e.g., Fig. 12a). Hence, they do not plot in the proximity of 
isotope data of EM-I or EM-II sources. This circumstance 
also supports the depleted origin of the Ekecikdağ ophi-
olitic rocks, which was modified by subduction fluids. Con-
sidering the 143Nd/144Nd versus 206Pb/204Pb data (Fig. 15) 
the SSZ-type Gogher-Baft ophiolitic rocks from Iran show 
relatively wide distribution, but mostly overlap with the 
Ekecikdağ isotope data.

Discussion

Disregarding the authors supporting a non-ophiolitic origin 
of the ultramafic and mafic rocks in Central Anatolia (e.g., 
İlbeyli 1993; Erdoğan et al. 1996; Kadıoğlu et al. 1998), 
there is now consensus that these rocks together with oce-
anic lavas and sediments are allochthonous members of a 
dismembered ophiolitic body. They have been named as 
the Central Anatolian Ophiolites (Göncüoglu et al. 1991; 
Göncüoglu and Türeli 1993a) and were subject of several 
studies (e.g., Floyd et al. 1998, 2000; Yalınız et al. 1999; 
Koçak et al. 2005, 2014). A number of studies were devoted 
to the origin of these rocks. For instance, Toksoy-Köksal 
et al. (2001) interpreted the Kurançalı phlogopitic metagab-
bro (Kırşehir, Central Anatolia) of the İAEO belt, in NW 
of the study area, to be generated from transitional back-
arc basin/island arc basalt to island arc basalt-type oceanic 
crust affected by an alkaline metasomatism. Accordingly, 
Toksoy-Köksal et al. (2009a) suggested for the Kurançalı 
ultramafic–mafic cumulates crystallization from a meta-
somatized mantle source with high-K calc-alkaline char-
acter with alkaline affinity in an island arc basement in 
SSZ setting. Likewise, Yalınız et al. (1999) ascribed the 
ophiolitic rocks in Central Anatolia as fore-arc type based 
on their studies in the Sarıkaraman area at the east of the 
study area. In addition, Yalınız et al. (1996, 2000) defined 
the ophiolitic basalts in the Sarıkaraman area as island arc 
tholeiites formed in a SSZ setting, while the late dykes 
generated from N-MORB-type sources. For the Çiçekdağ 
Ophiolite in the northern part of the CACC, Yalınız et al. 
(2000) put forward a partial melting of already depleted 
oceanic lithosphere in a SSZ setting. Floyd et al. (2000) 
indicated that the SSZ-type ophiolitic rocks in Central Ana-
tolia were formed as parts of an incipient arc with a limited 
contribution of back-arc spreading. Furthermore, Koçak 
et al. (2014) attributed the plagiogranite in the Bozkır area 
as the low-pressure partial melting products of hydrated 
oceanic gabbro. Recently, van Hinsbergen et al. (2016) 
support the idea that the Central Anatolian Ophiolites 
were derived from E to W and N to S striking segments 

Fig. 11  Nb versus Y diagram (Pearce et al. 1984a) of the Ekecikdağ 
plagiogranites. Fields of other plagiogranites: Mingora (3) (Bar-
bieri et al. 1994), Oman (5), Troodos (27), Antalya (8), Smartville 
(7), Vourinos (4), Tuscany (9), Sarmiento (8), Corsica (10) (Pearce 
et al. 1984a and references therein); Evros (6) (Magganas 2007); 
Guevgueli (3) (Hatzipanagiotou and Tsikouras 1999), Mawat (7) 
(Mirza and Ismail 2007), Guleman (3) (Kılıç 2009), Andaman (8) 
(Jafri et al. 1995), Sarıkaraman (9) (Floyd et al. 1998), Fournier (9) 
(Brophy and Pu 2012). Italic numbers in parentheses indicate number 
of analyzed plagiogranite samples
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of the İzmir–Ankara–Erzincan ridge, inherited from an 
inverted ridge-transform configuration. Overall, there is 
an agreement that these dominantly crustal rocks were 
then obducted on the CACC metamorphic basement. Our 
interpretation on the gabbroic host of the plagiogranite is in 
agreement with the previous studies as the Ekecikdağ rocks 
belong to the SSZ-type Central Anatolian Ophiolites, which 
were overthrusted the CACC basement. The exception to 
this approach is Kadıoğlu et al. (1998, 2003) and Deniz 
and Kadıoğlu (2016), who excludes the Ekecikdağ gabbro 
from the Central Anatolian Ophiolites and considers it as 
a member of “gabbroic plutons.” Their explanations based 
mainly on geochemical data, Ar–Ar ages from gabbros 
from the Ağaçören area (i.e., 78.0 ± 0.3 to 78.8 ± 1.0 Ma) 

and aeromagnetic anomalies suggesting gabbros in this 
area are intrusions coeval with Late Cretaceous calc-alka-
line granitoids in Central Anatolia (e.g., Kadıoğlu et al. 
2003). They interpret mafic rocks as derived from a meta-
somatized upper mantle source above a subduction zone, 
which were injected into felsic magma chambers producing 
coeval granitoid to gabbroic plutons, and extend their inter-
pretations to further south by mapping the Ekecikdağ rocks 
as belong to this igneous association. However, Göncüoglu 
and Türeli (1993a, b), Türeli et al. (1993) and Köksal et al. 
(2012) described the gabbroic rocks in this region as roof 
pendants on granitic plutons and infer ophiolitic origin.

The plagiogranites as a member of the Central Anatolian 
Ophiolites are also a matter of debate. First, Göncüoglu and 

Fig. 12  a Nb/La versus La/Yb (Hollocher et al. 2012), b Th/Yb ver-
sus Nb/Yb (Pearce 2008), c SiO2/50–TiO2–K2O ternary (FM frac-
tional crystallization of MORB; AA anatexis of amphibolite; ADD 
anatexis of diabase dikes; AG anatexis of gabbro [fields from France 

et al. 2010]; x: Troodos and Oman [from Grimes et al. 2013]) and d 
TiO2 versus SiO2 (Koepke et al. 2007) diagrams for the Ekecikdağ 
ophiolitic rocks
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Türeli (1993a, b) suggested that the plagiogranites of the 
Ekecikdağ mafic body have been formed in a fore-arc set-
ting by fractionation of basic magma during intra-oceanic 
subduction. Floyd et al. (1998) described the Sarıkaraman 
plagiogranite as formed in the roof of a dynamic and evolv-
ing gabbroic magma chamber mostly by fractional crystal-
lization and partly by partial melting. From different parts 
of the CACC, Koçak et al. (2005, 2014) provided data 
from oceanic plagiogranites in relation with massive gab-
bros and mafic dykes. They also interpreted these units to 
be derived from a SSZ-type mantle origin. Consequently, 
there is more or less consensus on a SSZ tectonic environ-
ment for genesis of the plagiogranites in previous studies 
(e.g., Yalınız et al. 1999; Floyd et al. 1998, 2000; Koçak 
et al. 2005, 2014).

Our new geochemical data, on the other hand, imply 
that the Ekecikdağ plagiogranite is likely to be formed by 
partial melting of a depleted gabbro source. This is also 
supported by isotope data. From the same plagiogran-
ite samples used in this study (i.e., EK-40 and EK-41), 
Grimes et al. (2013) presented oxygen isotopes of zircons 
along with those from different ophiolites of the world. 
Their findings from the Ekecikdağ samples reveal average 
δ18O values of 4.8 ± 0.31 and 4.88 ± 0.39 ‰. According 

to Grimes et al. (2013), these oxygen isotope data below 
the average mantle value of 5.3 ‰ infer contamination 
by hydrothermally altered crust. This melting and/or con-
tamination may be generated by crust altered to low-δ18O 
values, which is likely to result from the effect of seawa-
ter-derived fluids (at temperatures more than 300 °C), a 
typical case in the base of the sheeted dike complex and 
in the upper gabbros (Grimes et al. 2013). As a result, our 
geochemical data including Nd–Sr–Pb isotopic character-
istics together with oxygen isotope data of Grimes et al. 
(2013) infer partial melting of depleted mantle source 
which might have been further modified by a subduction 
component. Therefore, our findings support evolution of 
the Ekecikdağ plagiogranites through hydrous partial melt-
ing of gabbros rather than generation by fractional crys-
tallization of a MORB source. Although plagiogranites, 
gabbros and mafic dykes in the study area reveal broadly 
similar chemical features, the field relations point to age 
differences. Therefore, gabbroic source, from which pla-
giogranites were originated, should be different and older 
than gabbros found in the study area. In addition mafic 
dykes should designate the latest igneous products in the 
study area. Further depiction of evolution stages of the 
ophiolites needs age data from gabbros and mafic dykes in 
the region.

Regarding the geological evolution of the Central Ana-
tolian Ophiolites, previously published data suggest that 
the formation and emplacement of SSZ-type ophiolites in 
Central Turkey should have been realized in a short time 
interval, as they were at about 90–95 Ma, obducted on the 
CACC (e.g., Göncüoglu and Türeli 1993a; Floyd et al. 
1998, 2000; Yalınız et al. 1996, 2000) and later intruded by 
collisional- to postcollisional-type Late Cretaceous grani-
toids (e.g., Yalınız et al. 1999; Köksal et al. 2012, 2013). 
The U–Pb age of the Sarıkaraman plagiogranite (i.e., 
206Pb/238U age of 90.56 ± 0.14 Ma; van Hinsbergen et al. 
2016) also confirms this phenomenon since the collisional 
granitoids in the CACC, which were formed by crustal 
thickening after obduction of ophiolites, reveal an age of 
85–75 Ma (e.g., Toksoy-Köksal et al. 2009b; Köksal et al. 
2012). The Ekecikdağ plagiogranites and the Sarıkaraman 
plagiogranites being in the same tectonic setting and reveal 
similar chemistry (e.g., Figs. 7, 10, 12) are assumed to be 
concurrent. Typical contemporary examples of plagiogran-
ites from SSZ fore-arc ophiolitic suits (e.g., Metcalf and 
Shervais 2008) are found in Troodos (e.g., 91.6 ± 1.4 Ma, 
Mukasa and Ludden 1987) and in Oman (ca. 95 Ma, Tilton 
et al. 1981).

Considering our new data and the state-of-the-art knowl-
edge on the regional geological constraints, a new scenario 
is suggested (Fig. 16). The model cogitates that the İzmir–
Ankara-Erzincan Ocean was the main Neotethyan oceanic 

Fig. 13  ɛNd(T) versus 87Sr/86Sr(T) diagram of the Ekecikdağ ophi-
olitic rocks. BSE (Bulk Silicate Earth) and oceanic basalt suites are 
from Zindler and Hart (1986); EM-I (enriched mantle-I), EM-II 
(enriched mantle-II) and HIMU (high µ mantle) are from Hofmann 
(2003). Other areas for comparison: primitive lavas from TO Troodos 
ophiolite (McCulloch and Cameron 1983), ophiolites of the EVZ 
Eastern Vardar Zone (Zachariadis 2007), Samothraki mafic suite 
(Koglini et al. 2009), volcanic glasses from TO Troodos ophiolite 
(Rautenschlein et al. 1985), Goghar-Baft ophiolite and Neyriz oph.—
ophiolite (Shafaii Moghadam et al. 2013), Oman lavas and Oman 
unaltered lavas (Godard et al. 2006), Stepanavan Oph.—ophiolite 
(Rolland et al. 2009)
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branch between the Gondwana-derived Tauride-Anatolide 
continent and the Cimmerian Sakarya Composite Terrane 
(sensu Göncüoglu et al. 1997) since the Early Mesozoic. 
More than one intra-oceanic subduction was generated 
along different segments of this ocean since Mid-Jurassic 
(e.g., Çelik et al. 2011). The SSZ-type İAEO belt ophiolites 
were derived from one of these intra-oceanic subductions 
in an arc basin setting by partial melting of the oceanic 
crust (Fig. 16a, b) at about 90 my. Although it is difficult to 
describe the Ekecikdağ ophiolitic rocks as belong to back-
arc or fore-arc oceanic environments geochemically (e.g., 
Fig. 9), short time interval between generation and obduc-
tion (i.e., ca. 5 Ma) infers a fore-arc setting. Moreover, their 
higher initial Pb isotope ratios with respect to back-arc 

basin average data besides N-MORB average data (Gale 
et al. 2013) are likely to rule out the back-arc basin ori-
gin. The newly formed SSZ-type ophiolite obducted onto 
the Tauride-Anatolide continental crust, already metamor-
phosed to represent basement units of the CACC (Fig. 16c) 
at about 85 my. The obduction resulted in melting of the 
CACC crust to produce the mainly S-type Central Anato-
lian Granitoids (e.g., Yalınız et al. 1999, 2000; Köksal et al. 
2012, 2013). The ongoing convergence between the CACC 
crust and Sakarya Terranes continental crust with its mar-
ginal arc produced a huge mélange complex (Fig. 16d), the 
Ankara Mélange, including numerous blocks representing 
the MORB, OIB and SSZ-type ophiolitic blocks that range 
from Late Triassic to Campanian in age (e.g., Bortoletti 

Fig. 14  a 207Pb/204Pb(T) versus 
206Pb/204Pb(T) b 208Pb/204Pb(T) 
versus 206Pb/204Pb(T) diagrams 
for the Ekecikdağ ophiolitic 
rocks. All N-MORB average 
and BAB (back-arc basin) aver-
age are from Gale et al. (2013), 
EM-I (enriched mantle-I), 
EM-II (enriched mantle-II) and 
DMM (depleted MORB mantle) 
are from Hofmann (2003), 
NHRL (Northern Hemisphere 
Reference Line), GLOSS [glob-
ally subducting sediments] and 
FOZO [focal zone] are from 
Workman et al. (2004), Troodos 
sediments are from Hamelin 
et al. (1988), Troodos ophiolitic 
rocks are from Hamelin et al. 
(1984, 1988); Rautenschlein 
et al. (1985); Booij et al. (2000), 
and Baer Bas (Baer Bassit 
ophiolite) field is from Hamelin 
et al. (1984), GBO [Gogher-
Baft ophiolite] is from Shafaii 
Moghadam et al. (2013), Oman 
lavas are from Godard et al. 
(2006)
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et al. 2013). The İAEO belt ophiolites were intruded at 
about 75 my by monzonitic granitoids, which were derived 
by postobductional relaxation of the CACC crust and 
related asthenospheric uplifting (e.g., Köksal et al. 2004, 
2013).

Similar processes with the Late Cretaceous SSZ-type 
ophiolitic sequences are known on the Eastern continuation 
of Neotethys in Eastern Turkey, Armenia and Iran (e.g., 
Rolland et al. 2009; Hässig et al. 2013). Upper Cretaceous 
calc-alkaline lavas from the Stepanavan area (Armenia), 
which show similar isotopic characteristics with Ekecikdağ 
ophiolitic rocks, were interpreted to belong to volcanic 
arc series linked to the subduction of the Neotethys Ocean 
preceding the obduction of the ophiolitic rocks onto the 
South Armenian Block (Rolland et al. 2009). Besides, 

Gogher-Baft, Neyriz and Dehshir ophiolites from Iran, 
revealing similar isotope characteristics with Ekecikdağ 
ophiolitic rocks, were described as SSZ ophiolites with 
lesser MORB-type lavas and characterize subduction initia-
tion (Shafaii Moghadam et al. 2013).

Conclusions

The Late Cretaceous Ekecikdağ plagiogranites occur as 
dykes and small stocks within the Ekecikdağ gabbro that 
belongs to the allochthonous members of the İAEO belt. 
The gabbros and the plagiogranites are cut by mafic dykes. 
Geochemically, the plagiogranites and their gabbroic 
host are described by their high LILE/HFSE ratios with 

Fig. 15  a 87Sr/86Sr(T) versus 
206Pb/204Pb(T) b 143Nd/144Nd(T) 
versus 206Pb/204Pb(T) diagrams 
for the Ekecikdağ ophi-
olitic rocks (field of oceanic 
sediments, EM-I, EM-II, BSE, 
MORB and HIMU are from 
Zindler and Hart (1986); all 
N-MORB average and BAB 
average are from Gale et al. 
(2013); DMM is from Work-
man and Hart (2005)), GBO 
(Gogher-Baft ophiolite) is from 
Shafaii Moghadam et al. (2013), 
and Oman lavas are from God-
ard et al. (2006)
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depletion in Nb, Ti and LREE with respect to N-MORB. 
These geochemical features, including Nd–Sr–Pb iso-
topic characteristics, are similar to the Late Cretaceous 
SSZ-type ophiolitic rocks from Troodos, Oman, Greece, 
Armenia and Iran. Geochemical data including radiogenic 
isotopes suggest that the plagiogranites were formed by 
partial melting of a depleted gabbro source in a fore-arc 
setting by involvement of a subduction component rather 
than generation by fractional crystallization of a MORB 
source. The chemical composition of the mafic dykes is 
in accordance with the SSZ character of the Ekecikdağ 
gabbro.
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