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1. Introduction
The study area (Figure 1) is located in a region of the 
Sivrihisar metamorphic complex that has been less 
studied than other regions of the Tavşanlı Zone (TZ). It 
is situated in the Anatolide-Tauride Block (ATB), which 
includes the TZ, Afyon-Bolkardağ Zone (ABZ), and 
Menderes Massif (MM), 50–60 km wide and 250 km long 
(Figure 1), and comprises subduction-related blueschist 
and greenschist facies metamorphic rocks formed during 
the Late Cretaceous convergent history of this region. 
The constituent lithologies of this region are mainly 
Paleozoic metamorphic rocks, Eocene intrusive rocks 
and microgranodiorite, Neogene sedimentary rocks, and 
recent alluvium (Figures 2 and 3).

In the northern part of this zone, the Sakarya Zone 
(SZ) is an east-west trending belt that is 100–200 km wide 
and comprises several pre-Alpine terranes in its basement 

as tectonic assemblages representing a completely different 
geological history in the northern part of Gondwana 
(Figure 4). The tectonostratigraphic units of this zone 
are remnants of Variscan and Cimmerian continental 
and oceanic assemblages. The lower part of the SZ is 
Early Jurassic in age, followed by a relatively continuous 
succession of Jurassic-Cretaceous platform sediments. 
Continental slope deposits from the Late Cretaceous 
onward dominate this succession, with upper sections 
that include flysch-type deposits and ophiolitic blocks 
(Göncüoğlu et al., 1997).

In the south of this zone, the ABZ, which is structurally 
below the TZ, records a low-grade high-pressure/low-
temperature (HP/LT) metamorphism (Okay, 1984; 
Robertson et al., 2009; Özdamar et al., 2012). The timing of 
this metamorphism is constrained by Paleogene intrusives 
(Candan et al., 2005; Özdamar et al., 2013; Pourteau 
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et al., 2013) and by the Late Paleocene–Early Eocene 
sedimentary cover in the west of the region.

The high-grade metamorphic rocks of the TZ have 
been studied by several authors (Şengör and Yılmaz, 1981; 
Okay, 1984; Okay, 1989; Sherlock et al., 1999; Robertson 
et al., 2009; Okay and Whitney, 2011). During the Late 
Cretaceous, the subduction trench collided with the ATB, 
burying metamorphic trench sequences with blueschist-
facies conditions (Okay, 2002). These HP/LT metamorphic 
rocks were exhumed in Paleocene time (Okay and Kelley, 
1994; Sherlock et al., 1999).  

The tectonic evolution of the TZ from Late Mesozoic to 
Early Cenozoic continues to be a subject of debate because 
of its complexity and the lack of critical constraints from 
systematic geological, geochemical, and geochronological 
data. Our field-based study in the Sivrihisar area of the 
TZ yields new geochemical and precise geochronological 
data useful to (1) provide critical structural data, cross-
sections, petrological observations, and P-T estimates 
for this important zone; (2) constrain the timing of the 
metamorphism, magmatism, and exhumation history 
of the TZ; and (3) understand the regional geodynamic 
evolution of the Neo-Tethys Ocean in the northern part 
of Gondwana.

2. Geological framework
In western Anatolia, the ATB is composed of metamorphic 
and nonmetamorphic units (Figure 1; Özdamar et al., 
2013). The TZ is one of the most important metamorphic 
belts of this block and extends NW to SE between the SZ 
and the ABZ (Özdamar et al., 2012). The lithostratigraphy 
of the TZ has been studied and established by several 
authors (Okay, 1984; Okay and Kelley 1994; Sherlock et 
al., 1999; Okay, 2002). The well-defined lithostratigraphy 

of this zone can be separated into two tectonic units: a 
lower coherent blueschist sequence and the overlying 
Cretaceous accretionary complex (Okay, 2002). The lower 
coherent sequence includes a metamorphic assemblage 
that comprises graphitic schists and phyllites with 
jadeite, glaucophane, lawsonite, and chloritoid (Okay and 
Kelley, 1994). Marbles of several kilometers in thickness 
conformably overlay the metapelitic sequence (Okay, 
1986). These marbles gradually pass into an overlying thick 
metavolcano-sedimentary sequence with intercalations of 
metabasite, metachert, and metapelite. Blueschist facies 
minerals are well preserved in all units (Okay, 1986). The 
Cretaceous accretionary complex is made up of imbricated 
and strongly tectonized serpentinites, pelagic shales and 
limestones, basalts, and radiolarian cherts. This complex 
underwent incipient blueschist facies metamorphism that 
developed aragonite, sodic pyroxene, and lawsonite in 
the veins and amygdules of metabasalts. The Cretaceous 
accretionary complex is tectonically overlain by large 
ophiolitic slabs consisting predominantly of peridotite 
with rare gabbroic veins (Okay, 1986). These ophiolites 
have not experienced Alpine HP/LT metamorphism and 
represent the obducted oceanic lithosphere of the Neo-
Tethyan Ocean (Okay, 1984).

The studied area is located at Sivrihisar in the 
Eskişehir area of the TZ, NW Turkey. In this area, five 
main lithostratigraphic units are recognized: Permo-
Carboniferous Göktepe and Kertek metamorphic 
units; Eocene Sivrihisar granodiorite and its hypabyssal 
equivalents; Miocene Hisar, Çakmak, and Mercan units; 
Pleistocene Kepen terrestrial clastics; and Holocene 
alluvium (Kulaksız, 1981; Whitney, 2002; Örgün et al., 
2005; Whitney and Davis, 2006; Demiroğlu, 2008; Figures 
2 and 3). The metamorphic Göktepe and Kertek units are 

Figure 1. Regional tectonic setting of Turkey with main blocks in relation to the Afro-
Arabian and Eurasian plates (simplified from Okay and Tüysüz, 1999).
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basement rocks and begin with radiolarite, serpentinite, 
and basalt, which are overlain by blueschist, micaschist, 
quartzite, calcschist, and marble. Eocene Sivrihisar 
granodiorite and its hypabyssal equivalents cut all the 
rocks and are overlain by younger units (Demiroğlu, 2008).

3. Analytical methods
3.1. Mineral chemistry
Electron microprobe analyses were performed with a JEOL 
8600 electron microprobe at the University of Alabama, 
USA, with the following operating conditions: 15 kV 

Figure 2. Detailed geological map of the study area (taken from Demiroğlu, 2008).
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Figure 3. Schematic cross-sections of the Sivrihisar area showing the gross scale structures and the tectonostratigraphic units.
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accelerating voltage, 5–15 mA current, variable electron 
beam diameter, and 10–20 s counting time per element. 
Spectrometers were automated with dQANT software 
from Geller Microanalytical Laboratory.
3.2. Major and trace element analyses
Representative rock samples, crushed in an agate mill to 
~200 mesh, underwent whole-rock chemical analyses 
at ACME Analytical Laboratories, Canada. Pulverized 
whole-rock samples were mixed with LiBO2/Li2B4O7 flux 
and fused in a furnace. The cooled bead was dissolved in 
ACS grade nitric acid and analyzed by ICP and/or ICP‐
MS. Analytical precision, as calculated from replicate 
analyses, is within 0.01–0.04 wt.% for the major elements 
and 0.01–8.0 ppm for trace elements. 

3.3. 40Ar/39Ar dating
To evaluate the timing of the geological events, 
40Ar/39Ar geochronology was carried out on phengite 
samples in the Auburn University Noble Isotope Mass 
Analysis Laboratory (ANIMAL). Two muscovite schists 
samples were selected for 40Ar/39Ar dating after detailed 
petrographical study, microprobe analysis, and study of 
the field relations to other lithologies. Muscovite-bearing 
metamorphosed rocks were crushed and sieved and 
inclusion-free phengite grains were hand-picked under 
a binocular microscope. Selected phengites were washed 
with deionized water in an ultrasonic bath, wrapped in Al-
foil, and loaded in Al-irradiation disks with the sanidine 
from Fish Canyon rhyolite (FC-2, age of 28.02 Ma; Renne 

Figure 4. The map of Eurasia showing Laurasia and Gondwanaland and suture zones in 
Turkey (modified from Okay, 1989).
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et al., 1998). CaF2 was also irradiated for correction of 
reactor-induced interferences on Ca in the USGS TRIGA 
reactor located at the Denver Federal Center, USA. 

Phengite grains of 300–425 µm in size were dated by 
single-grain total fusion and grains of 250–300 µm were 
dated by multiple-grain incremental heating. A 50-W 
Synrad CO2 laser source was used to heat the samples. The 
apparent ages in this study (weighted means and plateau 
averages) are quoted with their standard deviation. Data 
were reduced by Excel workbooks and corrected for blank 
level, mass discrimination, interfering Ar isotopes, and 
decay of 37Ar and 39Ar since time of irradiations. Isoplot 
(Ludwig, 2003) was used with the resulting isotopic data to 
calculate plateau and weighted mean ages. Plateaus in this 
study were defined with at least three or more contiguous 
increments containing more than 50% percent of the total 
39KAr, with no resolvable slope among ages.
3.4. U-Pb dating
Zircon crystals were separated and embedded in epoxy 
resin and polished to expose sections through their 
centers. Cathodoluminescence (CL) and back-scattered 
images were collected prior to zircon analyses to identify 
inherited cores, cracks, and inclusions at the University 
of Belgrade using a JSM-259 6610 LV scanning electron 
microscope. U–Pb isotope analyses of particular zircon 
zones used a New Wave Research Excimer 193-nm laser-
ablation system attached to a PerkinElmer ELAN DRC-e 
inductively coupled plasma mass spectrometer (LA–ICP–
MS) at the Geological Institute of the Bulgarian Academy 
of Science. The square ablation pit was approximately 
35 µm wide and a frequency of 8 Hz was used for these 
analyses. The measurement procedure included calibration 
against an external zircon standard (GJ-1; Jackson et al., 
2004) at the beginning, middle, and end of each analytical 
block. This technique allows a suitable correction for 
instrumental drift along with the minimization of 
elemental fractionation effects. Raw data were processed 
using GLITTER4, a data reduction program of the 
GEMOC, Macquarie University, Australia. Following 
careful examination of the time-resolved ratios for each 
analysis, ratios of 207Pb/206Pb, 208Pb/232Th, 206Pb/238U, and 
207Pb/235U were calculated. Optimal signal intervals for 
the background and ablation data were selected for each 
sample and automatically matched with the standard zircon 
analyses. U–Pb Concordia ages were calculated and plotted 
using Isoplot (Ludwig, 2003). The NIST610 standard was 
used as external reference material for the trace element 
measurements. One measuring block consists of 2 NIST 
610 standard analyses followed by sample (zircon) analyses 
and finishes with 2 NIST 610 analyses. The element 
concentrations were recalculated using SILLS software 
(Norman et al., 1998). SiO2 was fixed at 32.8 weight percent, 
based on the stoichiometry of zircon.

3.5. (U-Th)/He thermochronology
Apatite crystals were selected from microgranodiorite and 
dated by (U-Th)/He method. Single-crystal aliquots were 
dated, usually with 3 aliquots per sample. The crystals 
were selected carefully; only crystals lacking fractures 
were used, with well-defined completely convex external 
morphology. Euhedral crystals were preferred. The shape 
parameters were determined and archived by multiple 
digital microphotographs. In the case of zircon crystals the 
proportion of the length of the prismatic and pyramidal 
zones was also considered in addition to the lengths and 
widths.

The crystals were wrapped in platinum capsules of ca. 1 
× 1 mm in size. The Pt capsules were heated with an infrared 
laser. The extracted gas was purified using a SAES Ti-Zr 
getter at 450 °C. The chemically inert noble gases and a 
minor amount of other rest gases were then expanded into a 
Hiden triple-filter quadrupole mass spectrometer equipped 
with a positive ion counting detector. Crystals were 
checked for degassing of He by sequential reheating and He 
measurement. The residual gas was always below 1%. 

Following degassing, samples were retrieved from 
the gas extraction line, spiked with calibrated 230Th and 
233U solutions, and dissolved in a 2% HNO3 + 0.05% HF 
acid mixture in Savillex Teflon vials. Spiked solutions 
were analyzed as 1.4 or 2 mL of ~0.5 ppb U-Th solutions 
by isotope dilution with a PerkinElmer Elan DRC II ICP-
MS and an APEX microflow nebulizer. Samarium, Pt, and 
Ca were determined by external calibration. The oxide 
formation rate and potential interference of PtAr-U were 
always monitored, but the effects of these isobaric argides 
were negligible relative to the signal of actinides.

4. Results
4.1.Sample descriptions 
Thin sections of 50 samples were petrographically examined 
(Figure 5). Polished thin sections of six samples were 
prepared for electron probe microanalysis (EPMA) to 
characterize the compositional variation of the minerals 
and estimate pressure-temperature (P-T) conditions of 
metamorphism that affected the region. 

Samples S-16C and S-16D were selected for 40Ar/39Ar 
ages to define the time of metamorphism exposed in 
the region. The samples, quartz muscovite schists, have 
lepidoblastic texture and comprise quartz, albite, chlorite, 
phengitic white mica, and a small quantity of Fe-oxides, and 
accessory apatite, sphene, and zircon. 

A microgranodiorite, sample 12, was selected for 
zircon U-Pb geochronology and apatite (U-Th)/He 
thermochronology. The sample displays porphyritic texture 
and is composed of quartz, K-feldspar, plagioclase, and 
amphibole phenocrysts that are mostly altered and minor 
amounts of zircon, apatite, and opaque minerals.
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4.2. Mineral chemistry and P-T estimates
The mineral chemistry analyses are given in Tables 
1–6. EPMA was done on the albite (Ab), chlorite (Chl), 
chloritoid (Cld), white mica (Wmca), biotite (Bt), Na-
amphibole (Amp), epidote (Ep), and garnet (Grt) minerals 
from mica schists (7, 11, 23B), metabasite (17B), blueschist 
(15C), and granite-gneiss (18). 

A sample of biotite schist (sample 7) has a 
lepidogranoblastic texture and is composed of quartz, 
plagioclase, K-feldspar, white mica, and biotite and minor 
amounts of apatite, titanite, and zircon as accessory 
minerals (Figure 5). Chlorite and rare epidote crystals are 
retrograde phases in the rock. Biotite constitutes as much 
as 50% of the schist, with a grain size of 1 mm or less, 
and it is extensively chloritized. Quartz has undulatory 
extinction, recording effects of late-stage deformation. 
White micas display Si contents between 2.89 and 2.93 
cations on the basis of 11-oxygens (Table 4). XMg values of 
biotites are from 0.48 to 0.50 (Table 5).

The muscovite schists studied (samples 11, 23B) have 
lepidoblastic and granoblastic textures and are composed 
of quartz, albite, chlorite, chloritoid, white mica, and 
kyanite and small quantities of hematite, Fe-oxides, and 
accessory apatite and zircon. Quartz exhibits undulatory 

extinction and recrystallization textures indicating late 
deformation. Prismatic chloritoid and kyanite crystals are 
of variable size and have elongation subparallel to the main 
metamorphic foliation. XMg values of chloritoid in sample 
11 are 0.10–0.12 and 0.28–0.3 in sample 23B (Table 3). 
White micas display Si contents of 3.03–3.17 cations on 
the basis of 11-oxygens (Table 4).

Blueschist sample 15C has a lepidoblastic texture 
and comprises albite, white mica, biotite, Na-amphibole 
(glaucophane), and garnet and small amounts of titanite, 
epidote, rutile, tourmaline, and Fe-oxides. Sericite and 
chlorite occur as retrograde phases. Quartz is not common 
in the blueschist and is observed mainly as inclusions 
within garnet porphyroblasts. The schistosity is defined 
by tabular to elongate glaucophane porphyroblasts that 
have an intense dark blue pleochroism and are commonly 
microboudinaged. Euhedral titanite crystals are present in 
the amphibole and white mica matrix. Idioblastic garnet 
porphyroblasts up to 2 mm in diameter are observed 
among crystals of white mica and glaucophane. Garnet 
has the compositional range Alm40-55Pyp3-5Grs17-18Sps22-38 
and small amounts of TiO2 (≤0.14 wt.%; Table 6). Epidote 
displays XFe

3 values of 0.17–0.28 (Table 1). XMg values of 
biotites are between 0.49 and 0.50 (Table 5). Na-amphiboles 

Figure 5. Microphotographs showing mineral paragenesis and textural relations of the metamorphic rocks in the Sivrihisar 
area of the Tavşanlı Zone (plane polarized light; Qtz: quartz; Bt: biotite; Phg: phengite; Gln: glaucophane; Grn: garnet).
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are characterized by glaucophane composition with XMg of 
0.63–0.68 (Table 1; Figure 6a). 

The granite-gneiss sample 18 is a leucocratic, medium-
grained strongly deformed rock containing quartz, 
plagioclase, K-feldspar, microcline, muscovite, and a few 
biotite and garnet grains. Magnetite, apatite, titanite, zircon, 
and sericite are accessory minerals. The compositional 
range of garnets is Alm55-58Pyp4-5Grs1-8Sps29-38 (Table 6). 
Biotites have XMg values between 0.59 and 0.62 (Table 6). 
White micas display Si contents between 2.85 and 2.91 
cations on the basis of 11-oxygens (Table 4; Figure 6b).

The blueschist sample 15C and granite-gneiss sample 
18 were selected for further thermobarometry study. 
Blueschist and granite gneiss contain different mineral 
assemblages. Therefore, P-T estimates are approximate. 
The garnet-biotite Fe-Mg exchange geothermometer has 

been widely used for estimating T of metamorphic rocks. 
The landmark experimental calibrations of Ferry and 
Spear (1978) and Perchuk and Lavrent’eva (1983) form 
the basis for this geothermometer, together with recent 
modifications that account for nonideality in the garnet 
and biotite (e.g., Ganguly and Saxena, 1984; Bhattacharya 
et al., 1992). We used garnet-biotite thermometry to 
constrain the metamorphic temperature for both samples 
(Bhattacharya et al., 1992). We applied six different 
calibrations published in the literature (Thompson, 1976; 
Holdaway and Lee, 1977; Ferry and Spear, 1978; Hodges 
and Spear, 1982; Perchuk and Lavrent’eva, 1983; Ganguly 
and Saxena, 1984; Hackler and Wood, 1989). For the 
granite-gneiss sample (18) estimated temperatures range 
from 284 to 397 °C for pressures of 2.5 kbar to estimates 
between 303 and 413 °C for a pressure of 10 kbar (Figure 

Table 1. EPMA results of selected Na-amphiboles and epidotes from blueschist and chlorite metabasite.

Rock Sample
Mineral Blueschist 15C Na-Amphibole Blueschist 15C Epidote Chlorite metabasite 

17B Epidote

SiO2 57.66 57.92 58.32 57.89 58.50 38.43 38.10 38.15 36.72 36.12
TiO2 0.06 0.01 0.04 0.05 0.08
Al2O3 6.66 6.58 7.55 6.47 7.11 25.75 25.00 25.59 22.18 25.39
FeO 15.37 15.78 15.40 16.41 15.96 13.50 13.84 13.32 13.27 13.48
CaO 1.28 1.54 1.34 1.19 1.39 23.08 21.83 22.42 22.83 22.97
MnO 0.12 0.22 0.19 0.22 0.19 0.21 0.80 0.46 0.17 0.13
MgO 9.80 9.97 9.27 9.47 9.09 0.01
Na2O 6.17 5.97 5.95 5.87 6.08 0.01 0.01 0.002
Total 97.06 97.98 98.02 97.49 98.32 100.97 99.50 99.86 97.08 101.95

Si 8.054 8.017 8.059 8.045 8.096 5.848 5.887 5.864 5.963 5.856
Al 1.096 1.073 1.230 1.060 1.160 3.463 3.415 3.477 3.185 3.447
Ti 0.007 0.002 0.005 0.006 0.010
Fe (ii) 1.053 0.993 1.118 0.993 1.242
Fe (iii) 0.742 0.834 0.662 0.914 0.605 1.289 1.341 1.284 1.352 1.299
Ca 0.192 0.228 0.198 0.177 0.206 1.881 1.807 1.846 1.986 1.890
Mn 0.014 0.026 0.022 0.026 0.022 0.014 0.053 0.030 0.012 0.009
Mg 2.041 2.057 1.910 1.962 1.875 0.002
Na 1.671 1.602 1.594 1.582 1.631 0.001 0.001 0.002
Total 14.862 14.830 14.792 14.759 14.837
Mg/(Mg+Fe2) 0.66 0.67 0.63 0.66 0.60
Al/(Al+Fe3) 0.60 0.51 0.65 0.53 0.65
Fe3/(Fe3+(Al6) 0.39 0.43 0.34 0.45 0.33
NaB 1.671 1.602 1.594 1.582 1.631
XFe 0.274 0.278 0.175 0.297 0.273

Cation occupations on the basis of 23 oxygens for amphiboles and 12.5 oxygens for epidotes.
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Table 2. EPMA results of plagioclases from biotite schist and granite-gneiss.

Rock Sample Biotite schist 7 Granite-gneiss 18

SiO2 62.39 61.93 64.20 64.30 65.91
Al2O3 23.01 23.14 21.96 21.22 20.67
FeO 0.05 0.11 - 0.02 -
CaO 3.56 3.90 2.20 1.33 0.89
Na2O 10.02 9.65 10.70 11.12 11.66
K2O 0.20 0.21 0.11 0.09 0.10
Total 99.27 98.96 99.17 98.11 99.25

Si 2.786 2.775 2.853 2.883 2.918
Al 1.211 1.222 1.150 1.122 1.079
Fe (ii) 0.002 0.004 - 0.001 -
Ca 0.171 0.187 0.105 0.064 0.043
Na 0.867 0.839 0.922 0.967 1.001
K 0.012 0.012 0.007 0.005 0.006
XK 0.013 0.014 - - -
XNa 0.986 0.985 0.992 0.993 0.994
XCa 0.162 0.180 0.101 0.061 0.040

Cation occupations on the basis of 8 oxygens for plagioclase.

Table 3. EPMA results of chlorite and chloritoid from muscovite schist and chlorite metabasite.

Mineral Chlorite Chloritoid

Sample 11 17B 11 23B

SiO2 28.18 28.65            27.81 28.17 24.58 24.74 24.48 24.59 24.50 24.82
TiO2 0.04 - 0.02 - 0.04 - 0.05 - - -
Al2O3 22.56 22.14 18.86 19.82 44.88 44.21 44.76 44.69 44.34 45.24
FeO 25.53 14.58 14.33 17.86 23.31 23.44 22.72 17.26 18.47 17.39
CaO 0.24 0.02 - 0.11 - - - - - -
MnO 0.20 0.29 0.34 0.33 0.30 0.33 0.56 3.91 3.93 3.58
MgO 4.9 21.10 23.40 26.55 1.63 1.66 1.75 4.72 4.19 4.69
Na2O 0.11 - - - 0.01 0.02 - - 0.02 -
K2O 1.76 - - - - - - - - -
Total 82.87 86.13 864.11 92.19 97.16 96.79 96.71 96.99 97.42 97.59
Tetrahedral
Si 3.116 2.758 2.860 2.696 1.841 1.861 1.841 1.844 1.837 1.846
Al (iv) 2.940 2.6043 2.286 2.235 4.214 4.173 4.215 4.134 4.115 4.150
Octahedral
Al (vi) - -
Ti 0.003 - 0.002 - 0.002 - 0.003 - - -
Fe (ii) 2.361 1.216 1.232 1.429 1.460 1.475 1.429 - - -
Fe (iii) - - - - 1.841 1.861 1.841 1.844 1.837 1.846
Ca 0.028 0.002 - 0.011 - - - - - -
Mn 0.019 0.024 0.030 0.027 0.019 0.021 0.036 0.249 0.250 0.001
Mg 0.808 3.138 3.587 3.788 0.183 0.180 0.197 0.528 0.468 0.520

Cation occupations on the basis of 14 oxygens for chlorites, 12 oxygens for chloritoids.
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7a). Considering that the mineral paragenesis and Si 
contents of white mica are 2.9–3.1 per formula unit, we 
consider the maximum pressure experienced by this 
sample to be below 5 kbar. 

The same six different calibrations mentioned above 
for sample 18 were used for estimation of thermometry 
of sample 15C. Temperatures of 335–458 °C are obtained 
for 2.5 kbar and 340–484 °C for 10 kbar (Figure 7b). 
Considering the presence of glaucophane and high Si 
values of the phengitic white micas (with 3.4–3.5 cations 
per formula unit), pressures that affected the sample are 
considered to be higher than 10 kbar (see also discussions 
of phengite compositions as a function of pressure by 
Parra et al., 2002). Estimates of ca. 15 kb for the maximum 
pressures experienced by similar rocks examined in the 
NW part of the present study area (Whitney et al., 2011) 
are also consistent with our estimation.

4.3. Geochemistry
4.3.1. Metasedimentary rocks
Seventeen samples were selected for major and trace 
element analysis and the results are given in Table 7. 
They have high contents of SiO2, whereas Na2O contents 
vary from 0.09 to 2.45 wt.% and K2O ranges up to 4.90 
wt.%. Chondrite-normalized REE patterns of the samples 
exhibit regular, smooth patterns, consistent with the 
REE remaining immobile during the blueschist-facies 
metamorphism (Figure 8a). LREE enrichment shows as 
much felsic igneous rock as mafic rock within a source 
area (Taylor and McLennan, 1985). The presence of a weak 
negative Eu anomaly suggests that the source area included 
ancient continental crust or volcanic arc rocks (McLennan 
et al., 1995; Silaupa, 2002; Asiedu et al., 2004). The 
chondrite-normalized REE patterns are similar with little 
diversity for sediments associated with active continental 

Table 4. EPMA results of white micas from muscovite schist, biotite schist, blueschist, and granite-gneiss.

Rock Biotite schist Muscovite schist Blueschist Granite-gneiss Muscovite schist

Sample 7 11 15C 18 23B

SiO2 44.68 44.60 46.25 48.88 49.17 48.39 53.51 54.34 53.13 46.49 45.32 46.14 46.56 47.24 48.36

TiO2 0.62 0.90 0.62 0.08 0.08 0.06 0.05 0.11 0.12 0.03 0.34 0.24 0.12 0.07 0.09

Al2O3 39.46 39.46 40.14 34.75 34.71 39.38 25.15 25.11 26.55 36.73 34.93 34.90 34.41 34.27 34.76

FeO 1.11 1.10 0.88 3.21 3.58 1.65 4.35 4.80 4.68 3.12 5.58 4.75 3.48 3.62 3.87

CaO 0.04 - 0.01 0.02 0.01 0.06 - - - 0.01 - 0.06 0.04 0.01 0.02

MnO 0.71 0.04 0.03 - 0.01 - 0.01 0.02 - 0.12 0.23 0.14 0.05 - -

MgO - 0.71 0.68 0.96 1.09 0.44 4.19 4.16 3.55 0.51 1.28 1.20 1.04 1.14 1.19

Na2O 0.58 0.58 0.52 0.47 0.63 3.40 0.01 0.04 0.10 0.09 0.23 0.27 0.49 0.39 0.47

K2O 10.36 10.36 10.61 8.75 9.25 5.45 10.02 11.02 10.65 9.96 10.38 10.50 9.61 9.73 9.79

Total 97.56 97.12 99.13 96.49 97.92 98.22 96.65 98.99 98.13 96.46 97.67 97.58 95.18 95.848 97.94

Tetrahedral Si 2.904 2.894 2.933 3.172 3.163 3.035 3.507 3.505 3.449 3.045 2.993 3.034 3.098 3.121 3.128

Al 1.096 1.106 1.067 0.828 0.838 0.965 0.493 0.495 0.551 0.955 1.007 0.966 0.902 0.879 0.872

Octahedral

Ti 0.031 0.044 0.030 0.004 0.004 0.003 0.003 0.259 0.006 0.002 0.017 0.012 0.006 0.004 0.004

Al 1.926 1.912 1.933 1.830 1.795 1.946 1.449 1.413 1.480 1.881 1.712 1.739 1.796 1.789 1.778

Fe (ii) 0.060 0.060 0.047 0.174 0.193 0.087 0.239 0.005 0.254 0.171 0.308 0.261 0.194 0.200 0.210

Mg - 0.069 0.064 0.093 0.105 0.042 0.410 0.401 0.344 0.050 0.127 0.118 0.104 0.113 0.116

Interlayer

Ca 0.003 - 0.001 0.001 0.001 0.004 - - - 0.001 - 0.004 0.003 0.001 0.001

Mn 0.002 0.002 0.002 - 0.001 - 0.001 0.002 0.001 0.007 0.013 0.008 0.003 - -

Na 0.073 0.073 0.065 0.059 0.079 0.413 0.002 0.006 0.014 0.012 - 0.035 0.064 0.050 0.060

K 0.859 0.858 0.858 0.725 0.759 0.437 0.838 0.907 0.882 0.833 0.875 0.881 0.816 0.820 0.808

Cation occupations on the basis of 11 oxygens for white micas.
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margin settings, which are explained by different tectonic 
settings (Bhatia and Crook, 1986).

The significance of the concentrations of some elements 
(e.g., Na, K, Rb, and Sr) are limited because they are mobile 
during metamorphism and deformations (Bebout, 2007; 
Volkova et al., 2009) while others (e.g., Ti, Zr, Hf, Nb, Sc, Cr, 
Ni, V, Co, Th) and the REEs are immobile and can be used 
for determinations of sediment provenance, magmatic 
evolution, and tectonic setting (Taylor and McLennan, 
1985; Bhatia and Crook, 1986). Sedimentary sources are 
commonly assigned to different tectonic settings based on 
immobile element chemical compositions (Bhatia, 1983; 
Bhatia and Crook, 1986). The metasedimentary samples 
plot in the magmatic arc-related field on the La–Th–Sc 
diagram of Girty and Barber (1993; Figure 8b).
4.3.2. Metabasites
The chemical compositions of the metabasites are 
given in Table 7. They contain highly variable amounts 
of SiO2 (25.1%–83.90%) and Al2O3 (1.52%–16.25%); 

high concentrations of TiO2 (up to 4.66%), Fe2O3 (up to 
15.40%), MgO (up to 35.10%), and CaO (up to 5.01%); 
and low concentrations of Na2O+K2O (less than 0.09%). 
The metabasitic sample (17E) with high SiO2 content 
was over-silicified. These rocks are also strongly enriched 
with ferromagnesian trace elements (Co, 110.5 ppm; Cr, 
4840 ppm; Ni, 2320 ppm) and other highly incompatible 
elements. These geochemical and mineralogical results 
suggest that these rocks formed in the midoceanic plate 
boundary. These samples are characterized by high REE 
concentrations, but generally have low Eu anomalies and 
strong Nb–Ta enrichments (Figures 9a and 9b).
4.4. Phengite 40Ar/39Ar Ages
Phengitic muscovite crystals (with more than 3 Si per 
formula unit) were separated and dated from two quartz 
muscovite schist samples (S-16C and S-16D). 40Ar/39Ar data 
were obtained by laser-controlled incremental heating and 
also in separate experiments with fusion of single crystals 
(Figure 10; see also Tables 8 and 9). A single muscovite 

Table 5. EPMA results of biotite from biotite schist, blueschist, and granite-gneisses.

Rock
Sample

Biotite schist       
7

Blueschist
15C

Granite-gneiss
18

SiO2 36.11 36.55 36.78 35.67 37.45 36.66 36.77 37.28 37.01
TiO2 2.66 2.61 2.22 2.10 2.46 2.33 0.56 0.02 0.14
Al2O3 20.64 21.61 21.62 17.70 17.89 17.41 20.32 17.88 19.02
FeO 17.63 17.38 17.71 18.06 18.01 18.45 15.80 16.01 16.10
CaO - 0.01 0.01 0.02 0.01 0.01 - 0.01 -
MnO 0.25 0.26 0.27 0.33 0.32 0.29 0.01 0.02 0.01
MgO 9.96 9.32 9.86 10.02 10.41 10.34 13.13 14.69 14.20
Na2O 0.11 0.14 0.13 0.14 0.13 0.12 0.39 0.38 0.29
K2O 9.74 9.67 9.92 9.45 9.67 9.71 8.79 8.81 8.89
Total 96.50 96.95 97.91 93.49 96.34 95.32 95.77 95.10 95.66
Si 2.668 2.676 2.673 2.757 2.795 2.781 2.810 2.780 2.742
Ti 0.148 0.144 0.121 0.122 0.138 0.138 0.032 0.001 0.008
Al 1.798 1.865 1.852 1.613 1.574 1.557 1.568 1.572 1.662
Fe (ii) 1.090 1.064 1.076 1.168 1.124 1.170 1.010 0.998 0.998
Ca - 0.001 0.001 0.002 0.001 0.001 - 0.001 -
Mn 0.016 0.016 0.017 0.022 0.020 0.019 0.001 0.001 -
Mg 1.097 1.018 1.069 1.154 1.158 1.169 1.495 1.633 1.568
Na 0.017 0.021 0.019 0.021 0.019 0.018 0.058 0.055 0.042
K 0.918 0.903 0.920 0.932 0.921 0.940 0.857 0.838 0.840
XK 0.981 0.977 0.979 0.978 0.980 0.981 0.937 0.938 0.952
XNa 0.018 0.022 0.020 0.022 0.020 0.019 0.063 0.062 0.048
XMg 0.501 0.488 0.498 0.497 0.507 0.499 0.596 0.620 0.611

Cation occupations on the basis of 11 oxygens for biotites.
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porphyroblast from sample 16C defines a plateau age of 
82.50 ± 0.18 Ma (MSWD = 0.75, probability = 0.75, all age 
data are quoted with the standard deviation, and plateau 
or statistical mean ages include the error in estimating the 
J-value, 0.125%), with 99% of the 39ArK released (Figure 
10). Sample 16D contains smaller muscovite crystals, and 
incremental heating of an aliquot of 20 crystals from this 
sample yielded a plateau age of 83.48 ± 0.14 Ma (MSWD 
= 1.10, probability = 0.36), with 98% of the 39ArK released 
(Figure 10). Fusion of single crystals yielded mean ages 
(Figure 10) that are statistically identical to the respective 
plateau ages obtained by incremental heating (though the 
results for samples 16C and 16D differ consistently by ca. 
1 Ma, and the ages for single crystals of sample 16D are 
more variable). The consistencies of ages for the multiple-
grain and single-crystal analytical techniques are taken as 
evidence that these phengitic muscovite samples are not 
substantially affected by unsupported, extraneous ‘excess’ 

40Ar, as is common in 40Ar/39Ar studies of phengite (see 
discussions of Warren et al., 2011). The 40Ar/39Ar ages 
for these samples are interpreted to record retention of 
radiogenic 40Ar as produced by decay of potassium in 
these muscovite crystals, beginning at ca. 83 Ma. 
4.5. Zircon U-Pb geochronology and mineral chemistry
Thirty-eight spot analyses of distinct zircon zones of 30 
grains were made from a hypabyssal rock (sample 12). The 
zircons studied are medium to long prismatic (Figure 11). 
They reveal well-expressed oscillatory zonation. Some of 
the zones have endured magmatic corrosion. Some of the 
crystals show metamictization and recrystallization and 
this probably lead to Pb-loss and discordance in some of 
the analyses. The average age of laser spots placed in the 
oscillatory zones is 50.52 ± 0.33 Ma (Figure 12a). 

The crystal analyses are typical for the magmatic-
grown zircons’ Th/U ratio (between 0.4 and 0.64) and 
chondrite normalized pattern with Ce maximum; Pr, Nd, 

Table 6. EPMA results of garnets from blueschist and granite-gneiss.

Rock
Sample

Blueschist
15C

Granite-gneiss                                              
18

SiO2 37.20 37.14 37.12 35.70 36.19 36.21
TiO2 0.02 0.12 0.14 0.18 0.42 0.12
Al2O3 21.11 20.86 20.62 20.89 20.54 21.03
FeO 24.47 20.09 17.63 24.47 26.32 24.37
CaO 5.97 6.04 6.10 0.65 2.75 0.72
MnO 9.58 14.20 16.50 15.70 13.09 16.54
MgO 1.14 0.91 0.83 1.04 1.18 1.05
Total 99.53 99.40 98.97 98.66 100.53 100.07
Si 12.029 12.044 12.085 5.924 5.902 5.930
Al (iv) - - - - - -
Al 6.034 5.980 5.935 4.085 3.949 4.060
Ti 0.005 0.032 0.037 0.024 0.052 0.016
Fe (ii) 3.308 2.723 2.400 3.396 3.590 3.338
Fe (iii) - - - - - -
Ca 1.035 1.050 1.064 0.116 0.482 0.127
Mn 1.312 1.951 2.276 2.207 1.809 2.294
Mg 0.276 0.222 0.203 0.260 0.289 0.258
XMg - - - 0.071 0.075 0.071
Fe/Fe+Mg 0.922 0.924 0.922 0.928 0.925 0.928
Py 4.659 3.728 3.416 4.343 4.681 4.289
Alm 55.770 45.807 40.392 56.802 58.189 55.469
Gro 17.446 17.655 17.902 1.937 7.806 2.110
Sp 22.124 32.811 38.290 36.918 29.323 38.132

Cation occupations on the basis of 24 oxygens for garnets.
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and Eu minimum; and high abundance of HREEs over 
LREEs (Figure 12a). One of the zircon crystals (grain 37) 
contains a core with magmatic resorption, and the newly 
grown zone contains higher U, Th, and REE concentrations 
(Figure 12b). This zone probably crystallized during the 
final magmatic stages and accommodated most of the 
U, Th, and REEs left in the magma. The Ti-in-zircon 
geothermometer (Claiborne et al., 2010) shows values in 
the range of 790–830 °C (Table 10).

4.6. Thermochronological results
We report here new apatite (U-Th)/He cooling ages from 
the TZ. The average AHe ages corrected for alpha ejection 
range from 41.9 to 34.4 Ma with an average of 38.5 Ma 
(Table 11).

5. Discussion
In order to constrain the time of metamorphism in the TZ, 
we present new high-precision 40Ar/39Ar ages for phengites 

Figure 6. a) Fe3 ⁄ (Fe3+AlVI) versus Mg ⁄ (Fe2 + Mg) diagram of amphibole. The dividing lines were adopted from Leake et al. (1997). b) 
Variation of Altot versus Si in white micas from the studied samples of the Tavşanlı Zone.

Figure 7. Combination of individual P-T estimates deduced for the basement unit from samples 18 (a) and 15C (b). Garnet-biotite 
transition according to Bhattacharya et al. (1992). Approximate boundaries between metamorphic facies are shown as dotted lines: GS 
– greenschist facies; EBS – epidote blueschist facies; EA – epidote–amphibolite facies; AM – amphibolite facies (Krogh et al., 1994 and 
references therein).
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in two quartz muscovite schists (16C and 16D) representing 
greenschist facies that yielded multigrain plateau ages and 
means for single crystals (fused) of 82.5 from the Sivrihisar 
region of the TZ. 40Ar/39Ar ages were obtained by a 
combination of laser-controlled incremental heating and 
single-crystal fusion methods. The metamorphism that 
affected the region has been studied several researchers 
(Sherlock et al., 1999; Candan et al., 2005; Seaton et al., 
2009; Özdamar et al., 2012; Pourtaeu et al., 2013). The 
timing of HP/LT metamorphic events is still debated, 
because geochronological studies of the blueschists of 
the TZ have yielded a wide range of ages (60–192 Ma), its 
eclogite metamorphics have yielded 83 Ma, and the timing 
of metamorphism has not been well studied. Therefore, the 
measured 40Ar/39Ar age could provide useful information 
about the history of the greenschist facies metamorphism 

of the TZ. White mica 40Ar/39Ar ages have been widely used 
to determine the timing of metamorphism in exhumed 
subduction complexes (Sherlock et al., 1999; Agard et al., 
2002; Federico et al., 2005). This method is well suited 
to dating HP/LT rocks because of the relatively low 
temperatures (<600 °C) of peak metamorphism and white 
mica may grow or recrystallize during prograde, peak, 
and/or retrograde parts of the pressure–temperature path. 
An important question in the interpretation of white mica 
40Ar/39Ar ages is whether the ages represent the timing 
of crystallization or cooling. If the mica crystallized or 
experienced temperatures above the closure temperature 
for Ar in white mica (~350–400 °C), then the 40Ar/39Ar 
age should represent a cooling age that is younger than the 
crystallization age of the mica (Wijbrans and McDougall, 
1986). Temperature conditions are estimated at 303–484 
°C and minimum pressures of 10 kbar for micaschists 
and associated rocks of the study area in the Sivrihisar 
region of the TZ and the 40Ar/39Ar ages generally record 
closure between about 83.5 and 82.5 Ma (Figure 10). 

Figure 8. a) Spider diagrams of the metapelites (normalizing 
values from Taylor and McLennan, 1985). b) Tectonic 
discrimination diagram of the studied metasediments (Girty and 
Barber, 1993).

Figure 9. a) Chondrite-normalized diagram of the metapelites 
(normalizing values from Boynton, 1984). b) Primitive mantle-
normalized diagram of the metapelites (normalizing values from 
Sun and McDonough, 1989).
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Figure 10. 40Ar/39Ar ages from the metamorphics (sample 16C left and 16D right).
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Based on existing and our new data, these 40Ar/39Ar ages 
could reflect phengite crystallization ages for the TZ and 
Alpine metamorphism that affected this zone can be 
constrained to approximately 83 Ma, corresponding to 
the Campanian. Comparing these ages obtained from 
schists, the results are consistent with other inferred ages 
for the TZ, metamorphosed in Campanian time as a result 
of northward subduction beneath the SZ, and the time of 
metamorphism gets younger to the south, from 83 Ma in 
the north to 63 Ma in the south (Özdamar et al., 2013).

The studied hypabyssal microgranodiorites have 
generally undergone weak alteration according to 
petrographic observations, and with 2.40 wt.% loss on 
ignition (LOI), we must take into account the influence 
of these events for further discussion. Metapelitic rocks 
of the TZ represent former shallow marine deposits 
metamorphosed in a subduction zone in the Late 
Cretaceous (~88 Ma) and subsequently involved in 
middle Eocene collision that resulted in the closure of 
the Neo-Tethys and intrusion. For these intrusive rocks, 
a previous hornblende 40Ar/39Ar age for the granitoid was 
estimated to be 53 ± 3 Ma (Harris et al., 1994; Sherlock et 
al., 1999), though the 40Ar/39Ar results could be interpreted 
to be too old in view of trapped extraneous argon in the 
hornblende. This earlier age estimate is consistent with an 
apatite fission-track age of 41.6 ± 4 Ma determined for the 
granitoid (Seaton et al., 2014). Our new zircon U-Pb age 
data revealed that the emplacement age of the hypabyssal 
microgranodiorites is 50.52 Ma, and we suggest this 
is a more precise and accurate representation of the 
crystallization age for the granitoids (Figure 12). 

To reveal the thermal history of the Sivrihisar 
metamorphics and that the final stage of exhumation 
was accompanied by cooling, we applied different dating 
methods for different rocks. We could date metamorphism 
for the Sivrihisar metamorphic rock using 40Ar/39Ar 
dating. The only thermal event that we could date from 
the metamorphic rocks was HP/LT metamorphism, 
which happened ~83 Ma ago (Santonian) (providing 
constraint A in Figure 13). This time indicates the burial 
and related heating of the rocks at ~450 °C. Absence of 
sufficient crystal-sized zircon and apatite minerals in the 
metamorphic rocks did not allow us to evaluate the lower 
temperature thermal history of the metamorphic rocks. 
Instead, we dated a subvolcanic rock that was intruded into 
metamorphic rocks. The subvolcanic rock revealed ~51 
Ma U-Pb zircon crystallization age (early Eocene) (Figure 
13, constraint B). The Ti-in-zircon geothermometer 
(Claiborne et al., 2010) shows values in the range of 790–
830 °C (see Table 10). Constraint C is represented by the 
late Eocene (U/Th)-He age of the apatites extracted from 
the subvolcanic rock. The closure temperature for the 
apatite (U/Th)-He system is presented as 65 ± 15 °C. This 

Figure 11. CL images of zircons from microgranodiorite (sample 
12) of the Tavşanlı Zone. Spots used for geochronology and 
geochemistry are red and blue, respectively.
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Figure 12. Geochronology and mineral chemistry of zircons from Sivrihisar granodiorite: a) Wetherill plot of LA U-Pb ages, b) 
chondrite-normalized REE patterns of zircon grains. The chondrite values are from Boynton (1984).
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near-surface exhumation of both units occurred at 38 Ma 
ago (Figure 13; Table 11). 

Plunder et al. (2015) defined the P-T conditions for the 
TZ to be 24 kbar and ~500 °C on the basis of pseudosection 
modeling and Raman spectroscopy of carbonaceous 
material. Çetinkaplan et al. (2008) also described peak P-T 
conditions of lawsonite eclogites of 24 ± 1 kbar and 460 ± 
25 °C for the Sivrihisar area. In this study, we estimated 
temperatures of about 303–484 °C and minimum pressures 
of 10 kbar for the TZ. These results are consistent with the 
P-T conditions of metamorphism inferred above. Thus, 
the age of Alpine metamorphism that affected the TZ can 
be constrained to be approximately 83 Ma, corresponding 
to the Campanian. Metamorphism dated along the sutures 
of the Neo-Tethys Ocean is generally attributed to either 
subduction of the Neo-Tethys Ocean under Eurasia or 
closure of the ocean and related regional metamorphism 
(Okay and Tüysüz, 1999; Özdamar et al., 2013). The 

Table 10. Ti-in-zircon geothermometer values of zircon crystals 
from sample 12.

Sample 12 Ti (ppm) Temperature (°C)

1r 18 832.20

1c 13 801.51

3r 14 802.95

3c 17 826.86

9r1 15 810.90

9r2 15 810.03

9c 16 818.45

29r 14 803.84

37c 12 790.25

Table 11. AHe ages of apatite grains from sample 12.

Sample

He U238 Th232 Sm Ejection Uncorr. Ft-Corr. Sample
unweighted 
aver. ± 2 SEVol. 1s Mass 1s Conc. Mass 1s Conc. Th/U Mass 1s Conc. correct. He-age He-age 2s 2s

[ncc] [%] [ng] [%] [ppm] [ng] [%] [ppm] ratio [ng] [%] [ppm] (Ft) [Ma] [Ma] [Ma] [%] [Ma] [Ma]

12 0.443 1.4 0.0641 2.0 11.8 0.211 2.4 38.9 3.3 0.7984 3.0 147.3 0.725 30.3 41.9 3.8 9.2

12 0.358 1.4 0.0532 2.1 10.1 0.1789 2.4 33.9 3.4 0.7616 3.0 144.4 0.706 29.0 41.1 4.0 9.7

12 0.172 1.8 0.03 2.6 11.8 0.0988 2.5 38.8 3.3 0.3433 3.3 134.8 0.692 25.3 36.5 3.8 10.4

12 0.387 1.4 0.059 2.1 11.0 0.2118 2.4 39.7 3.6 0.718 2.9 134.5 0.809 27.8 34.4 2.4 7.0 38.5 9.4

Figure 13. Temperature-time history for the Tavşanlı Zone constructed from muscovite-phengite 40Ar/39Ar, zircon U-Pb, and 
apatite (U-Th)/He age constraints.
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northern and southern branches of the Neo-Tethys Ocean 
have different histories (Şengör and Yılmaz, 1981). The 
timing of the subduction events of the Neo-Tethys Ocean is 
considered to be Upper Cretaceous for the northern branch 
(Okay and Tüysüz, 1999; Okay and Whitney, 2011; Özdamar 
et al., 2012; Özdamar et al., 2013) and Eocene for the southern 
one (Oberhänsli et al., 2012). All these data outlined above 
allow us to assert a tectonic model for this region (Figure 
14). Therefore, northward subduction of the Neo-Tethyan 
ocean under the SZ occurred during the Campanian. In the 
Ypresina, the Sivrihisar granodiorite and microgranodiorite 
intruded into the metamorphic rocks. The exhumation of 
the hypabyssal rocks occurred 38 My ago.

6. Conclusions
We arrive at the following conclusions based on new data on 
the geology, whole-rock geochemistry, geochronology, and 
thermochronology.

1) The metamorphism of the pelitic, granitic, and basic 
rocks from the TZ occurred at around 83 Ma, corresponding 
approximately to the Campanian. This result is consistent 
with muscovite age data from metasedimentary rocks of 
the ABZ and could be related to the later stage of closure 
of the Neo-Tethys.

2) The P-T conditions of metamorphism is about 303–
484 °C temperature and minimum 10 kbar pressure. This 
result is consistent with published data on metamorphism 
of the TZ.

3) Laser ablation ICP-MS U-Pb analyses of 
microgranodiorite gave 50 Ma. This age is interpreted as 
the formation age of the hypabyssal rocks as early Eocene 
time (Ypresian) in a compressional regime. 

4) Apatite (U-Th)/He ages of the microgranodiorite 
gave 38 Ma, implying the exhumation age. This age also is 
interpreted such that the TZ had cooled to ~65 °C during 
the Bartonian.

Figure 14. Schematic N-S cross-section explaining tectonics of the Tavşanlı Zone during Campanian 
to Bartonian times.
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