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Abstract Geochemical and isotopic evidence from the

Agaçören Igneous Association in central Anatolia-Turkey

indicates that this suite of calc-alkaline granitic rocks have

undergone crustal homogenization during regional meta-

morphic and related magmatic events. Whole-rock chem-

ical and Sr–Nd isotopic data of the granitoids reveal crustal

affinity with an earlier subduction component. Zircons

show inherited cores and subsequent magmatic over-

growths. The laser ablation ICP-MS 206Pb/238U zircon ages

are determined as 84.1 ± 1.0 Ma for the biotite-muscovite

granite, 82.3 ? 0.8/-1.1 Ma for the hornblende-biotite

granite, 79.1 ? 2.1/-1.5 Ma for the granite porphyry dyke,

75.0 ? 1.0/-1.0 Ma for the alkali feldspar dyke, and

73.6 ± 0.4 Ma for the monzonite. This is interpreted as

continuous magma generation, possibly from heterogeneous

sources, from ca. 84 to 74 Ma during the closure of the

northern branch of the Neotethyan Ocean. The oldest

granitoids (84–82 Ma) were probably formed due to crustal

thickening after obduction of the MORB-type oceanic crust

onto the Tauride-Anatolide microplate. The younger

granitoids are interpreted to be related to the subsequent

post-collisional extension after lithospheric delamination.

Combination of the laser ablation ICP-MS zircon Lu–Hf

isotope data with the U–Pb ages of inherited cores suggests

that Cretaceous granitoids formed by melting of hetero-

geneous crustal protoliths, which results in significant

variation in eHf(t) data (from -12.9 to ?2.2). These pro-

toliths were probably composed of reworked Early Prote-

rozoic crust, minor juvenile Late Proterozoic magmatic

components, and Paleozoic to pre-Late Cretaceous recy-

cled crustal material. Moreover, the Late Cretaceous zircon

domains of the different granitoids are characterized by a

crustal signature, with a relatively restricted zircon eHf(t)

data ranging from -4.1 to -8.8. This variation is only

about twice the reproducibility (ca. ±1 eHf) of the data, but
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much smaller than the isotope variability of inherited zir-

cons. Our preferred interpretation is effective isotopic

homogenization of the heterogeneous central Anatolian

crust during the Late Cretaceous high-grade metamorphic

and magmatic events, a process that we propose to be

relevant for other active continental margins.
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Introduction

Zircon is a key mineral for determining petrogenetic pro-

cesses in the geological history of crustal and mantle sys-

tems because of its substantial chemical and physical

stability (e.g., Hanchar and Miller 1993; Harley and Kelly

2007). In situ microanalytical techniques can be used to

obtain ages, as well as elemental and isotopic fingerprints

from zircon and help to link this with the petrogenetic

history of the host rocks (e.g., Hoskin et al. 2000; Belousova

et al. 2002; Hawkesworth and Kemp 2006a; Kemp et al.

2006; Scherer et al. 2007; Harley and Kelly 2007). Among

the in situ dating methods, U–Pb dating of zircon by laser

ablation (LA) ICP-MS has been demonstrated to be capable

of producing data with similar precision to those of ion

probe analyses (e.g., Košler et al. 2002; Jackson et al. 2004;

Gerdes and Zeh 2006; Frei and Gerdes 2009). Additionally,

Lu–Hf isotope measurements by laser ablation ICP-MS on

zircon crystals reveal significant information on the magma

genesis and crustal evolution (e.g., Hawkesworth and Kemp

2006a, b; Yang et al. 2006). Combining Lu–Hf isotope data

with the U–Pb crystallization ages of the zircons is very

useful in resolving the relationship between the major epi-

sodes of igneous activity and formation of new crust (e.g.,

Hawkesworth and Kemp 2006a).

Determination of the petrogenetic history and crystalli-

zation age of a granitoid supplies particularly important

data if the granitoid presents a time-marker in the tectonic

history of an orogenic belt (e.g., Harris 1996). The intru-

sion of granitoids in central Anatolia can be directly related

to the closure of the Tethys Ocean (Göncüoglu et al. 1997,

2007), and these magmatic bodies thus provide key infor-

mation on the geotectonic evolution of Anatolia and its

surrounding area. Existing geochronological data have

shown that these granitoids are Late Cretaceous (e.g.,

Ataman 1972; Göncüoglu 1986; Kadioglu et al. 2003;

Köksal et al. 2004, 2007; Ilbeyli et al. 2004; Boztug et al.

2007a, b, c). Petrogenesis of the central Anatolian grani-

toids (CAG) has been the subject of numerous geochemical

and geochronological studies that have resulted in different

models for their evolution (e.g., Göncüoglu and Türeli

1994; Boztug 1998, 2000; Düzgören-Aydin et al. 2001;

Ilbeyli et al. 2004; Ilbeyli 2005; Kadioglu et al. 2003, 2006;

Boztug et al. 2007a, b, c), ranging from arc to collisional/

post-collisional magmatism. The results also disagree on

timing of the granitoid intrusions. A better understanding

of the magmatic processes therefore has to be achieved to

unravel the geodynamic events during Alpine closure of

the Izmir-Ankara-Erzincan Ocean, the main oceanic branch

of the Neotethys in the eastern Mediterranean. To test the

geological and petrogenetic constraints of previous studies

and to improve existing models for the CAG, we carried

out new isotope measurements on zircons to address the

exact timing of crystallization and the involvement of

inherited crustal components.

The Agaçören Igneous Association (AIA) is one of the

largest intrusive suites in central Anatolia. Our research

focuses on detailed U–Pb geochronological, Lu–Hf isoto-

pic and typological studies of zircon crystals in the AIA

granitoids, to study granitoid generation and crust forma-

tion in this segment of the Tethyan region.

Geological framework

Turkey is the geological centerpiece for the geodynamic

evolution of the Alpine Tethys (Neotethys). The Izmir-

Ankara-Erzincan Ocean is one of the branches of the

Neotethys, with the Tauride-Anatolide continental micro-

plate in the south and the Rhodope-Pontide continental

microplate in the north (for a brief review see e.g., Sengör

and Yilmaz 1981). Before juxtaposition of the Tauride-

Anatolide microplate and the Pontides along the Izmir-

Ankara-Erzincan suture zone (IAESZ) in Late Cretaceous

times, both plates underwent rather different geological

histories. The Tauride-Anatolide microplate was initially

separated from Gondwana by the opening of the Southern

Branch of Neotethys in the Late Permian-Early Mesozoic

(e.g., Göncüoglu et al. 1997, 2007; Stampfli and Borel

2002). The Central Anatolian Crystalline Complex

(CACC) forms the northern, telescoped margin of Tauride-

Anatolide microplate during the Alpine closure of the

Neotethys (e.g., Göncüoglu 2010). The Sakarya continent,

a composite terrane with pre-Jurassic basement, was

bounded by the Intra-Pontide Suture in the north and the

Izmir-Ankara-Erzincan Ocean to the south and formed the

main northern segment of the Alpine collision (e.g.,

Göncüoglu et al. 1997).

The main rock suites of the CACC are the metamorphic

basement rocks of Precambrian–Palaeozoic–Mesozoic age,

supra-subduction zone type ophiolitic units derived from

the IAESZ and overthrust onto the metamorphic rocks, and

the CAG intruding both the metamorphic and ophiolitic

rocks (e.g., Göncüoglu et al. 1997; Yaliniz et al. 1999)
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(Fig. 1). Younger, overlying non-metamorphic units are

Late Maastrichtian clastic rocks, Paleocene–Eocene vol-

canic, volcanoclastic and sedimentary rocks, and Neogene-

Quaternary Cappadocian volcanic rocks, carbonate and

clastic cover units (e.g., Aydar et al. 1995; Göncüoglu et al.

1997; Köksal et al. 2001) (Fig. 1).

Granitoids in the Agaçören area intrude the metamorphic

basement that mainly consists of marbles and have sinusoi-

dal and irregular contacts with gabbro units, with composi-

tional changes along these contacts (Kadioglu and Güleç

1996). These contact relationships together with their iden-

tical Ar–Ar ages lead to the interpretation of coeval forma-

tion of granitoids and gabbros within the AIA (Kadioglu et al.

2003). Other authors, however, (e.g., Göncüoglu et al. 1991;

Göncüoglu and Türeli 1994; Yaliniz et al. 1996, 1999; Yil-

maz and Boztug 1998; Floyd et al. 1998, 2000; Toksoy-

Köksal et al. 2001; Koçak et al. 2005; Ilbeyli 2008) described

the gabbros within the central Anatolia as remnants of the

ophiolitic units and as roof pendants on the granitic rocks,

which we accept as the most likely model.

The granitoids within the AIA are subdivided into the

biotite-muscovite granite (bmg), the hornblende-biotite

granite (hbg), the granite porphyry dyke (gp), the alkali

feldspar granite dyke (afg), and the monzonite (mz) based on

their mineralogical and petrographic characteristics, as

proposed by previous authors (e.g., Kadioglu 1996;

Kadioglu and Güleç 1996; Güleç and Kadioglu 1998;

Kadioglu et al. 2003, 2006; Köksal et al. 2007) (Fig. 1). The

hornblende-biotite granite intruded the biotite-muscovite

granite, whereas the monzonite intruded both (e.g., Kadioglu

et al. 2006) (Fig. 1). Dykes of granite porphyry cut the bio-

tite-muscovite and hornblende-biotite granites, while the

alkali feldspar granite intrudes into the biotite-muscovite

granite, the hornblende-biotite granite and the granite por-

phyry (e.g., Kadioglu et al. 2006), which firmly establishes

the relative age sequence for the intrusive events (Fig. 1).

Analytical methods

Zircon crystals were concentrated by standard separation

techniques (i.e., crushing, grinding, sieving, heavy mineral

enrichment by Wilfley table, heavy liquids and magnetic

separation), and were handpicked under a binocular

microscope. Unbroken and euhedral zircon crystals repre-

senting all zircon populations in the samples were sepa-

rated for zircon typological investigation and scanning

electron microscope (SEM), cathodoluminescence (CL),

and laser ablation ICP-MS studies. SEM and CL studies

were carried out at the GeoForschungsZentrum (GFZ)-

Potsdam with a DSM 962/Zeiss scanning electron micro-

scope equipped with a polychromatic Zeiss CL detector,

Fig. 1 a Geological map of the study area (after Kadioglu 1996;

Kadioglu et al. 2003, 2006), b Simplified geological map of the

Central Anatolian Crystalline Complex (after Bingöl 1989; Göncüo-

glu and Türeli 1994; Boztug 2000; Düzgören-Aydin et al. 2001;

Toksoy-Köksal et al. 2001). Central Anatolian granitoids: AD—

Adatepe, AIA—Agaçören igneous association, AK—Akçakoyunlu,

AM—Akdagmadeni, AT—Atdere, BE—Behrekdag igneous associa-

tion, BO—Borucu, BR—Baranadag, BU—Buzlukdag, ÇA—Çayagzi,

CD—Cefalikdag, ÇE—Çelebi, ÇS—Çamsari, DA—Danaciobasi,

EG—Egrialan, EK—Ekecikdag igneous association, GU—Gümüs-

kent, HA—Hamit, HD—Hasandede, ID—Idisdag, KA—Karaçayir,

KB—Kalebalta, KM—Karamadazi, KO—Konur, KR—Kerkenez,

KS—Keskin, SH—Sarihacili, SI—Sinandı, SU—Sulakyurt, TE—

Terlemez, UK—Uçkapılı, YA—Yassiagil, YB—Bayindir, YZ—

Yozgat igneous association. c Inset map showing the main tectonic

units in Turkey. CACC Central Anatolian Crystalline Complex;

M Menderes Massif; IAESZ Izmir-Ankara-Erzincan suture zone;

NAFZ North Anatolian Fault zone; EAFZ East Anatolian Fault zone
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using a 15 kV accelerating potential. Overviews and

morphology images of the gold–palladium coated complete

zircons mounted on sticky tape were taken with the SE

(secondary electron)-detector. The same grains were then

embedded in epoxy and polished down to approximately

half their thickness and carbon-coated for the CL-study.

Another group of the handpicked grains were mounted

in epoxy, sectioned to about half their thickness, and pol-

ished for the laser ablation-sector field (LA-SF)-ICP-MS

measurements. Back-scattered electron (BSE) images were

taken using a Philips XL 40 SEM at Geological Survey of

Denmark and Greenland (GEUS) to evaluate zircon tex-

tures and select domains to be analyzed. Prior to U–Pb

dating, the carbon coating necessary for BSE imaging was

removed, and the mounts were subsequently cleaned in

different steps with ethanol and de-ionized water in an

ultrasonic bath to remove surface lead contamination

before introduction into the sample cell; thus, no pre-

ablation was done for removal of surface contamination.

The initial parts of the signals have been discarded in some

rare cases if a surface lead contamination was detected

during analysis.

In situ LA-SF-ICP-MS U–Pb zircon measurements were

performed on a Thermo Scientific Element2 high resolu-

tion magnetic sector field ICP-MS coupled with a Mer-

chantek New Wave 213 nm UV laser ablation system at

GEUS. The methods applied essentially followed those

described in detail by Frei and Gerdes (2009) and Gerdes

and Zeh (2006). Laser spot sizes of 30 or 40 lm were used

for laser ablation, depending on the size and complexity of

the analyzed zircons. The GJ1 zircon was used as a primary

reference standard (e.g., Jackson et al. 2004) to correct for

instrumental mass-bias. For quality control purposes, the

Plešovice (Sláma et al. 2008) and M127 (Nasdala et al.

2008) zircon standard materials are analyzed as secondary

standards within each analytical session at the GEUS LA-

SF-ICP-MS laboratory. The age results obtained for both

zircons are consistent, within the 2 sigma error limits, with

the ID-TIMS values reported by Sláma et al. (2008) and

Nasdala et al. (2008).

Lutetium–Hafnium isotopes were analyzed using a

Thermo Scientific Neptune multi-collector ICP-MS at

Goethe-University Frankfurt coupled with the same model

of laser and ablation cell as at GEUS, on selected previ-

ously dated zircon grains, using the methods described in

Gerdes and Zeh (2006, 2009). Data were collected in static

mode during 60s of ablation with a spot size of 40 lm.

Eleven laser ablation multi-collector (LA-MC)-ICP-MS

analyses of the GJ-1 zircon (ca. 9,600 ppm Hf) during our

analytical session gave a 176Hf/177Hf ratio of

0.282005 ± 13 (2 sigma), which is within error identical to

results obtained by solution MC-ICP-MS analyses of the

Lu and Yb free Hf fraction (0.281998 ± 7, 2 sigma;

Gerdes, unpublished data). In order to show that the ana-

lyzed zircon zones are homogenous with respect to the Lu–

Hf system, double-measurements were obtained on one

grain (Table 2, Online Resource 2). Uncertainties given for

the Lu–Hf analyses are at the 2-sigma level.

Whole-rock elemental geochemical analyses were per-

formed at ACME Analytical Laboratories Ltd. (Canada)

using their standard analytical procedures. Major elements

were determined by ICP-AES after fusion with LiBO2/

Li2B4O7. Trace and rare-earth elements were determined

by ICP-MS after acid decomposition (5% HNO3). Major

element concentrations are well above the detection limits.

Trace elements and REE detection limits are: 8 ppm for V,

1 ppm for Ba and Sn, 0.5 ppm for Sr and W, 0.3 ppm for

Nd, 0.2 ppm for Co and Th, 0.1 ppm for Cs, Hf, Nb, Rb,

Ta, U, Y, Zr, La and Ce, 0.05 ppm for Sm, Gd, Dy, Yb,

0.03 ppm for Er, 0.02 ppm for Pr, Eu and Ho, and 0.01 for

Tb, Tm, Lu.

Strontium and Nd isotopic whole-rock analyses were

performed at the Radiogenic Isotope Laboratory of Middle

East Technical University Central Laboratory, using the

analytical methods described in detail by Köksal and

Göncüoglu (2008). Powdered rock samples were dissolved

with 4 ml of 52% HF for 4 days at 160�C on a hot plate,

then dried and dissolved overnight in 4 ml 6 N HCl at

160�C on a hot plate. Strontium was separated in 2.5 N

HCl with 2 ml Bio Rad AG50 W-X12, 100–200 mesh

resin. The REE fraction was collected from Sr cation

exchange columns with 6 N HCl after Sr was separated.

Neodymium was separated from the REE fraction in

0.022 N HCl with 2 ml biobeads (Bio Rad) coated with

HDEHP (bis-2-ethylhexyl phosphoric acid). Strontium was

loaded on single Re-filaments with a Ta-activator and

0.005 N H3PO4, and Nd was loaded on double Re-fila-

ments with 0.005 N H3PO4. Strontium and Nd isotopic

compositions were determined on a Thermo Scientific

Triton TI Multi-Collector Thermal Ionization mass spec-

trometer using static multi-collection. Analytical uncer-

tainties are given at 2-sigmam level. Ratios of 87Sr/86Sr are

normalized to 86Sr/88Sr = 0.1194, and 143Nd/144Nd data

are normalized to 146Nd/144Nd = 0.7219. During the

course of the measurement, NBS 987 and Nd LaJolla were

measured as 0.710244 ± 8 (n = 3) and 0.511852 ± 2

(n = 2), respectively. The USGS reference material

BCR-1 gave 87Sr/86Sr = 0.705014 ± 5 and 143Nd/144Nd =

0.512638 ± 4.

Petrography

The biotite-muscovite granite consists of quartz, biotite

(some chloritized), muscovite, orthoclase, plagioclase and

accessory zircon, ±garnet, apatite, and opaque minerals
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(Güleç and Kadioglu 1998; Kadioglu et al. 2003, 2006;

Köksal et al. 2007). The hornblende-biotite granite is

composed mainly of quartz, hornblende, biotite, orthoclase,

plagioclase, with accessory amounts of zircon, titanite,

apatite and opaques. Presence of mafic microgranular

enclaves, K-feldspar megacrysts, and an abundance of

mafic minerals (with hornblende [ biotite) are common

features in the hornblende-biotite granite (Kadioglu and

Güleç 1996).

The granite porphyry dyke shows a porphyritic aphanitic

texture with K-feldspar phenocrysts, quartz, biotite, pla-

gioclase, and accessory hornblende, epidote, chlorite, zir-

con, apatite, and opaques. The alkali feldspar granite has a

microgranular texture, and mainly quartz and orthoclase,

besides minor amounts of plagioclase, biotite, muscovite,

and accessory amounts of chlorite, epidote, zircon, and

opaque minerals. The monzonite consists of plagioclase,

orthoclase, biotite, hornblende with relict pyroxene cores,

quartz, and accessory zircon and titanite (Kadioglu 1996;

Kadioglu et al. 2006).

Granitoids in the AIA contain mafic (mainly dioritic)

microgranular enclaves that are rounded to subangular to

spherical with sharp contacts to their host and finer grained

than their host rock (Güleç 1994; Güleç and Kadioglu

1998; Kadioglu and Güleç 1999). These characteristics are

interpreted to indicate that magma mingling/mixing pro-

cesses occurred during evolution of these granitoids (e.g.,

Didier and Barbarin 1991). Mafic microgranular enclaves

exist in all types of granitoids in the AIA, but they are

much less abundant in the biotite-muscovite granite than in

the other members of the AIA (Kadioglu et al. 2003).

Zircon is found in contact with major phases (biotite,

quartz, orthoclase, and plagioclase) and as inclusions

within these minerals. Commonly, zircons show micro-

scopically visible zoning and in host biotite often form

pleochroic haloes.

Results

Whole-rock geochemistry

The geochemistry of the granitoids within the AIA has

been studied in detail by previous authors (e.g., Güleç

1994; Kadioglu and Güleç 1996; Güleç and Kadioglu 1998;

Kadioglu et al. 2003, 2006). In addition to available geo-

chemical data, new whole-rock elemental and isotopic

geochemical data were obtained from 6 representative

samples in the present study (Table 1) to better constrain

the general compositional features of these granitoids.

The AIA granitoids show calc-alkaline characteristics,

while the hornblende-biotite granite, the granite porphyry

and the monzonite are metaluminous, the biotite-muscovite

granite and the alkali feldspar granite show metaluminous

to peraluminous features (e.g., Kadioglu 1996). The bio-

tite-muscovite granite can be distinguished from other

granitoids by its lower SiO2 but higher TiO2, Al2O3, MgO,

P2O5 content. Dyke samples (the granite porphyry and the

alkali feldspar granite) show higher SiO2, but lower TiO2,

Al2O3, MgO, CaO, P2O5, and Fe2O3
(tot) contents, while the

hornblende-biotite granite and the monzonite are interme-

diate between those. These differences in elemental con-

tents could either be related to the source characteristics,

varied abundances of mafic minerals, the temperature

conditions, and/or the melting depth in the crust. Based on

information obtained from Harker variation diagrams (not

shown), Kadioglu (1996) and Güleç and Kadioglu (1998)

proposed a fractionation trend from the biotite-muscovite

granite to the hornblende-biotite granite, and from the

monzonite to the dykes. However, the biotite-muscovite

granite and the monzonite samples show rather scattering

data and often overlap with the data of the hornblende-

biotite granite. The limited major element data confirm that

the AIA granitoids as a whole do not represent a single

fractionation trend and that the characteristics are a product

of source differences as well as later fractionation.

Primitive mantle-normalized multi-element plots for the

AIA granitoids, in general, display enrichment in Th, U, K,

Pb with negative anomalies in Ba, Nb, Ta, P, and Ti

(Fig. 2). Spider plots show a typical crustal signature, but

negative Nb and Ti anomalies imply that a distinct sub-

duction component exists in the magma source. This sub-

duction signature is likely to be related to an earlier

subduction event in the region, which affected the magma

source before generation of the AIA granitoids and the

other CAG (e.g., Köksal et al. 2004; Ilbeyli et al. 2004).

Chondrite-normalized REE patterns of the AIA granitoids

have steep LREE-enriched and almost flat HREE patterns

(Fig. 3). The [La/Yb]N ratios are between 8.63 and 13.47

with concave-upward patterns, suggesting that hornblende

was present in the melt fractionation assemblage. Negative

Eu-anomalies ([Eu/Eu*]N) are not very pronounced

(0.62–0.78), but imply that plagioclase was another frac-

tionating mineral.

Whole-rock Sr and Nd isotope geochemistry

Strontium and Nd isotope data from the granitoids studied

are presented in Table 1. For all samples, (87Sr/86Sr)T ratios

and eNdT values reveal crustal signatures. All AIA grani-

toids except the biotite-muscovite granite are represented

by Sr and Nd isotopic ratios of very limited range

([87Sr/86Sr]T : 0.70914–0.71027; eNdT: -6.5 to -7.6)

(Table 1), although the alkali feldspar dyke shows slightly

higher Sr and lower Nd isotopic ratios than the hornblende-

biotite granite, the granite porphyry dyke, and the
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Table 1 Whole-rock elemental and Sr and Nd isotope geochemical data from the AIA granitoids

Sample no. 1 2 3 4 5 6

Element (wt%) bmg hbg(1) hbg(2) gp afg mz

SiO2 66.5 70.0 72.3 70.4 76.7 68.1

Al2O3 15.2 14.9 13.0 14.5 13.3 14.5

Fe2O3
tot 5.14 3.19 2.65 3.02 2.04 3.62

MgO 2.29 0.76 0.57 0.86 0.11 1.3

CaO 3.11 3.02 2.34 2.52 0.09 3.83

Na2O 2.17 3.28 2.99 3.31 0.04 2.64

K2O 3.81 3.83 3.46 4.13 4.1 5.01

TiO2 0.63 0.24 0.18 0.24 0.13 0.36

P2O5 0.12 0.07 0.07 0.05 0.01 0.09

MnO 0.09 0.07 0.08 0.06 \0.01 0.08

Cr2O3 0.056 0.064 0.062 0.04 0.025 0.051

LOI 1.2 0.7 2.5 1.2 3.8 0.4

TOTAL 100.3 100.1 100.2 100.3 100.4 100.0

Element (ppm)

Ba 648 713 451 678 511 478

Sc 14 4 4 4 2 6

Co 13 5 3 6 2 7

Cs 6.0 4.1 3.2 5.6 5.1 11.1

Ga 22 17 14 14 17 17

Hf 5.6 4.1 4 3.7 4.2 5.1

Nb 12 8 10 10 12 15

Rb 145 138 132 156 154 189

Sn 3 2 2 2 4 4

Sr 183 170 186 189 48 467

Ta 0.8 0.7 0.9 1.1 1.3 1.2

Th 16 14 16 18 37 43

U 2.0 3.0 5.3 5.3 6.5 5.4

V 95 31 22 40 32 51

Zr 182 144 122 125 129 171

Y 23 18 18 18 22 23

Cu 34 14 14 18 6 14

Pb 6.1 4.1 3.9 10.9 19.4 25.2

Zn 83 44 41 27 19 34

Ni 45 25 20 28 14 19

La 42 33 33 32 62 49

Ce 82 55 55 54 99 87

Pr 8.2 5.1 5.2 4.8 9.1 8.2

Nd 35.3 19.9 20.0 18.0 33.5 30.1

Sm 6.6 3.4 3.2 3.0 5.3 5.8

Eu 1.2 0.7 0.6 0.6 0.6 1.0

Gd 5.78 3.55 3.17 2.48 4.71 4.56

Tb 0.79 0.48 0.46 0.42 0.64 0.68

Dy 4.0 2.9 2.7 2.5 3.5 3.5

Ho 0.75 0.49 0.48 0.48 0.61 0.64

Er 2.1 1.5 1.6 1.7 2.0 2.1

Tm 0.30 0.23 0.24 0.24 0.30 0.29

Yb 2.4 1.8 1.9 2.1 2.3 2.4

Lu 0.37 0.32 0.29 0.31 0.35 0.38
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monzonite. These isotope data indicate that the magma

sources of the AIA granitoids are almost identical, except

for the biotite-muscovite granite, which shows more

radiogenic Sr isotope ratios and lower eNdT values than the

other granitoids in the area, pointing to an older, more

crustal source for this unit. Available Nd and Sr isotope

data from some other S-type granitoids in the CACC also

have crustal signatures, (e.g., Ilbeyli et al. 2004; Köksal

and Göncüoglu 2008) similar to the biotite-muscovite

granitoid of the AIA.

Typology and intra-crystalline features of zircons

Studies on crystal habits of zircon provide an approach to a

petrogenetic investigation of the granitic rocks (e.g., Pupin

1980; Köksal et al. 2008). Typological and intra-crystalline

characteristics of the zircon crystals from the AIA grani-

toids were studied to identify zircon populations and their

growth histories.

Zircon crystals of the biotite-muscovite granite typically

show predominant growth of {121} pyramidal face, with

{110} C {100}, revealing common S12, S7, S2-types, with

other rare S- and L-type zircon crystals (Online Resource

3), which is distinctive for S-type granitoids (e.g., Pupin

1980; Schermaier et al. 1992). The other granitoids in the

area, on the other hand, have dominant zircon types with

{101} C {121} and {100} C {110}, e.g., P-, G- and S18,

S23, S24, and other S-type zircon crystals (Online Resource

3), which are characteristic for calc-alkaline hybridized

I-type granitic rocks (e.g., Pupin 1980; Schermaier et al.

1992).

CL images of the internal zoning of zircon from the AIA

granitoids (Fig. 4), on the other hand, reveal changes in

zircon morphology throughout the growth history, and

some features not observed from the external morphology

may be predominant in the inner parts. The CL images

generally show euhedral to subhedral cores, many with

near-continuous magmatic overgrowths, but anhedral cores

characterized by major breaks in the zoning patterns and

interpreted as inherited are not uncommon.

Zircon crystals from the biotite-muscovite granite gen-

erally show rounded, inherited, and sometimes metamict

cores surrounded by oscillatory zoning with intermittent

dissolution surfaces (bmg26, 27, 28 in Fig. 4). The

roundness of the cores implies either partial dissolution

within the melt or mechanical abrasion during sedimentary

transport before its incorporation in the melt (e.g., Paterson

et al. 1992). There are also some secondary and later

structures such as convolute zoning (flow domains)
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hbg(2)
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Fig. 2 Primitive mantle-normalized (after Sun and McDonough

1989) trace-element patterns for the AIA granitoids (bmg, the

biotite-muscovite granite; hbg, the hornblende-biotite granite; gp,

the granite porphyry dyke; afg, the alkali feldspar granite dyke; mz,

the monzonite) (data source: Table 1)

1

10

100

LuLa Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm YbPm

bmg

hbg(1)
hbg(2)
gp

afg

mz

Fig. 3 Chondrite-normalized (after Sun and McDonough 1989) rare-

earth element patterns for the AIA granitoids (bmg, the biotite-

muscovite granite; hbg, the hornblende-biotite granite; gp, the granite

porphyry dyke; afg, the alkali feldspar granite dyke; mz, the

monzonite) (data source: Table 1)

Table 1 continued

Sample no. 1 2 3 4 5 6

Element (wt%) bmg hbg(1) hbg(2) gp afg mz

87Sr/86Sr 0.717927 ± 4 0.712307 ± 15 0.711590 ± 4 0.711830 ± 5 0.720031 ± 8 0.710560 ± 5
143Nd/144Nd 0.512139 ± 4 0.512234 ± 5 0.512252 ± 3 0.512245 ± 3 0.512197 ± 4 0.512231 ± 3

(87Sr/86Sr)T 0.715191 0.709561 0.709174 0.709143 0.710265 0.709331

eNdT -8.84 -6.90 -6.48 -6.70 -7.64 -7.18
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overprinting the oscillatory zoning in parts of a zircon, e.g.,

bmg26 (Fig. 4).

The hornblende-biotite granite is characterized by

oscillatory zoned zircon crystals with few inherited cores

(Fig. 4). Some crystals (e.g., hbg42 and 50 in Fig. 4) have

needle-shaped central zones due to initial skeletal crystal

growth indicating high Zr-supersaturation of the melt (e.g.,

Vavra 1990). In some crystals (e.g., hbg50, 51, 52 in

Fig. 4), {121} pyramid surfaces are found in inner parts but

progressively less toward the rim, which implies changing

chemical conditions during growth. Moreover, intermittent

resorption zones from cores to rims imply disruptions of

crystal growth.

Zircon crystals of the granite porphyry dyke commonly

show inherited and metamict cores surrounded by oscilla-

tory zoning with some corrosion zones (Fig. 4). Outer

zones of the crystals are characterized by increasing size of

the {121} pyramid, probably because of rapid growth rate

of adjacent {011} faces due to adsorption of cations within

the magma chamber (e.g., Vavra 1994). Zircons in the

alkali feldspar granite dyke, on the other hand, demonstrate

oscillatory zoning in grains with low-CL inner and high-

CL surrounding parts (Fig. 4). Zircons from the monzonite

allow tracing a long history of growth with oscillatory and

sector zoning and several intermittent corrosion surfaces

(Fig. 4). Rims of the zircon crystals generally show lower-

CL brightness than the internal zones. {110}-faces become

growth inhibited toward the crystal margins, possibly due

to the adsorption of water or trace elements from the

magma (e.g., Vavra 1994).

Based on the morphologies and internal structures of

zircons studied here, it can be suggested that the inherited

cores, which could be an indication of a sedimentary pro-

tolith, exist in all granitoid types of the AIA. The inter-

mittent resorption zones disrupting the oscillatory zoning

are suggested to be the result of corrosion of zircon grains

due to interaction with hotter magma, which is consistent

with magma mingling/mixing processes (e.g., Vavra 1994;

Köksal et al. 2008).

Geochronology

Selected zircon crystals from the AIA granitoids were

dated by U–Pb analysis by LA-SF-ICP-MS. Uranium–Lead

Fig. 4 CL images and sketch

models showing the internal

structures of the zircon crystals

from the AIA granitoids (bmg,

the biotite-muscovite granite;

hbg, the hornblende-biotite

granite; gp, the granite porphyry

dyke; afg, the alkali feldspar

granite dyke; mz, the

monzonite; C, core;

R, recrystallized domains

or recrystallization patches;

F, flow domain; cr, corrosion

(resorption or dissolution);

T, thickened trace element rich

band; M, metamictized

domains; mi(?), possible melt

inclusion; Ap, apatite inclusion)
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ages obtained in this study are presented in Online

Resource 1 and BSE images of the selected grains are

shown in Fig. 5 and Online Resource 4. Dated grains are

different than those imaged by SEM and CL, but reveal

similar typological and internal features, i.e., zircon types,

inherited cores, and intermittent resorption zones. Inherited

cores exist in all granitoid types and their ages range from

Proterozoic (e.g., 2,304 ± 70 Ma) through Paleozoic (e.g.,

456 ± 16 Ma) to Mesozoic (e.g., 144 ± 9 Ma) (Online

Resources 1 and 4, Fig. 5). Some of the zircon cores also

yield Late Cretaceous ages, overlapping with the rim ages,

and in some cases, these cores are only a few Ma older than

the rims (Fig. 5 and Online Resource 4). Rims and outer

zones of zircons from the AIA granitoids give Late Creta-

ceous ages, from 71 ± 2 to 86 ± 3 Ma. The data used here

are 206Pb/238U ages when the concordance level is more than

90%, and 207Pb/206Pb ages if the U–Pb analyses are discor-

dant (less than 90% concordant) (Online Resource 1). Most

Late Cretaceous ages are concordant or near concordant,

while the discordant ages were mostly found in inherited

cores. Combining the U–Pb data with the SEM, CL, and BSE

images, we conclude that there was a Late Cretaceous event

in which the older zircon crystals were resorbed and re-

crystallized, and new zircon crystals grew.

Concordia plots together with the mean or median
206Pb/238U ages are presented in Fig. 6. Whenever possible,

i.e., MSWD values are close to 1, mean 206Pb/238U ages are

given, median ages are presented in the other cases. The

biotite-muscovite granite gives a mean 206Pb/238U age of

84.1 ± 1.0 Ma (Fig. 6a). The hornblende-biotite granite, on

the other hand, has a median 206Pb/238U age of 82.3 ? 0.8/

-1.1 Ma (Fig. 6b). Median 206Pb/238U ages of the granite

porphyry dyke and the alkali feldspar dyke are 79.1 ? 2.1/

-1.5 and 75.0 ? 1.0/-1.0 Ma, respectively (Fig. 6c, d).

Uranium–Lead concordia age (6 points), i.e., 74.9 ± 0.8 Ma

(95% conf.), of the alkali feldspar dyke is so close to the

median age (not shown). The monzonite gives a mean
206Pb/238U age of 73.6 ± 0.4 Ma (Fig. 6e). Excess scatter is

interpreted to be related to minor inherited components,

which shift the analytical data toward higher 207Pb/235U,
206Pb/238U, and 207Pb/206Pb ages. Only results that are more

than 90% concordant are incorporated in the calculation of

averages and those data points are shown in bold outline in

the figures. Based on these ages, it can be deduced that the

biotite-muscovite granite and the hornblende-biotite granite

are the oldest intrusions in the area. The mean 206Pb/238U age

of the biotite-muscovite granite is ca. 1 Ma older than that of

the hornblende-biotite granite, but their ages overlap within

analytical error. The monzonite and the alkali feldspar

granite dyke are significantly younger than the other grani-

toids in the Agaçören area (Fig. 6). In brief, U–Pb data of the

AIA granitoids collectively document continuous granitic

Fig. 5 Selected BSE images and the LA-SF-ICP-MS U–Pb ages (in

Ma) of the zircon crystals from the biotite-muscovite granite (bmg),

the hornblende-biotite granite (hbg), the granite porphyry dyke (gp),

the alkali feldspar granite dyke (afg), and the monzonite (mz). LA

spot diameter is ca. 40 lm in bmg, hbg, and mz, and ca. 30 lm in gp

and afg. Double circles (ca. 40 lm) with numbers indicate the

locations of the LA-MC-ICP-MS Lu–Hf isotope analyses (Full

version of this figure can be found as Online Resource 4)
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intrusion between 84 and 74 Ma. However, the most volu-

minous granitic magmatic activity may be constrained to

within two main periods, i.e., older biotite-muscovite and

hornblende-biotite granite intrusions at 84–82 Ma, and the

monzonite intrusion at 74 Ma. The formation of the alkali

feldspar and the granite porphyry dykes in between these

main periods is evidence for continuous magmatic activity in

the area.

Zircon Lu–Hf isotopic characteristics

In situ Lu–Hf isotope analyses were carried out on 57

zircons from various granitoid types of the Agaçören plu-

ton and results are presented in Table 2, as well as in

Figs. 7, 8 and in the Online Resources 2, 5, 6. The Lu–Hf

analyses have been performed at the same analyses spots or

from the same growth domains where U–Pb ages were
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determined; hence, it is possible to correlate Lu–Hf isoto-

pic data with ages (Fig. 5). The lowest and highest
176Hf/177Hf(t) ratios are found to be 0.28095 (in the biotite-

muscovite granite) and 0.28268 (in the monzonite),

respectively (Table 2 and Online Resources 2 and 5). The

lowest 176Hf/177Hf(t) data correspond to the oldest ages

obtained from the AIA zircons, consistent with reworking

of old crustal material. Two zircon cores with the Early

Proterozoic ages reveal slightly lower eHf(t) values com-

pared with the data reported from the Lewisian granulites

(Whitehouse and Kemp 2010), south African gneisses/

granitoids (Zeh et al. 2007; Millonig et al. 2010), Armo-

nican metasedimentary rocks (Gerdes and Zeh 2006), and

Gondwanan detrital zircons (Kemp et al. 2006) (Fig. 8),

but lie on a similar crustal trend toward Archean mantle

extraction. These two data points are evidence for a small

proportion of very old crustal material in the source of the

AIA granitoids. A relative probability plot of the U–Pb

ages combined with eHf(t) (Fig. 7) shows that eHf(t)

decreases toward younger ages, starting from ca. 600 Ma,

which represent decreasing mantle contribution besides a

significant crustal component (Fig. 7). Analyses with

Paleozoic crystallization ages spread between eHf(t) -6.6

and -0.3, which most likely represents crustal reworking

during that time. The wide range of Lu–Hf isotope data of

the inherited zircon suggests heterogeneous sources for the

AIA granitoids. However, when only the Late Cretaceous

zircon domains are considered, the 176Hf/177Hf(t) ratios of

all granitoids are restricted to a more restricted range,

between 0.28247 and 0.28260, compared with Hf isotope

range of older zircon domains (Online Resource 5, inset

diagrams), corresponding to eHf(t), of -4.1 to -8.8. This

variation (-6.2 ± 2.3) is only about twice the reproduc-

ibility (ca. ±1 eHf) of the method. The relative homoge-

neity of the Lu–Hf isotope system in the different AIA

granitoids can be also observed in the eHf(t) against
176Lu/177Hf diagrams for Cretaceous zircon domains

(Online Resource 6). Thus, the variable ages and Hf iso-

tope composition of inherited zircon are consistent with

melting of heterogeneous crustal material during genera-

tion of AIA granitoids. During magma genesis, this

material was mixed and homogenized leading to various

intrusions having very similar isotopic composition. The

homogeneity of the Late Cretaceous Lu–Hf isotope data

of the CAG is apparent when compared with the data

from different regions of the world, such as the East

Asian (Griffin et al. 2002; Chu et al. 2006; Zheng et al.

2007; Zhong et al. 2009; Qin et al. 2010) and Australian

granitoids (Kemp et al. 2007) (Fig. 8). A narrow range of

Hf isotope ratios was reported by Siebel and Chen (2010)

for the SW Bohemian granitoids (Fig. 8), but these data

range from positive to negative eHf(t) values indicating

the presence of both enriched and depleted mantle

material and crustal components in these rocks (Siebel

and Chen 2010).

Discussion and conclusions

The age and formation of the granitoids in the Agaçören

area are investigated in this study using U–Pb and Hf iso-

tope systematics. The data presented establish that AIA

granitoids with differing composition were formed during

the Late Cretaceous between 84 and 74 Ma. The mineral-

ogical, geochemical, and geochronological data are con-

sistent with a multi-stage magmatic evolution of the

granitoids in central Anatolia (e.g., Kadioglu et al. 2006;

Köksal and Göncüoglu 2008; Boztug and Harlavan 2008).

The generation of S- and I-type granitoids at ca. 84–82 Ma

was followed by minor I-type granitic activity, character-

ized by dykes and small intrusions, up to ca. 74 Ma, when

the voluminous I-type monzonitic intrusions together with

coeval A-type granitoids formed (e.g., Köksal et al. 2004;

Ilbeyli et al. 2004). Previously determined geochronologi-

cal data have to be discussed in relation to the results of this

study for their consistency with this interpretation. An
40Ar/39Ar biotite age of 77.6 ± 0.3 Ma from the biotite-

muscovite granite within the AIA reported by Kadioglu

et al. (2003, 2006) may be related to cooling from regional

metamorphic conditions considering our mean 206Pb/238U

zircon age of 84.1 ± 1 Ma from the same unit. Köksal et al.

(2007) presented a mean 206Pb/238U zircon age of

83.8 ± 1.0 Ma for the biotite-muscovite granite, and sim-

ilar pre-80 Ma ages were obtained from other two-mica

granitoids from different parts of the CACC. These are the

Sinandi granitoid (Fig. 1) with an 81.5 ± 0.8 Ma mean LA-

SF-ICP-MS 206Pb/238U zircon age (Köksal et al. 2007) and

the Danaciobasi granitoid (Fig. 1) with an 87 ± 9 Ma
207Pb/206Pb zircon evaporation age (Boztug et al. 2007b).

The age of the Uçkapili granitoid (Fig. 1) was determined

as 77.8 ± 1.2 Ma by a combined whole-rock, biotite and

muscovite Rb–Sr isochron and cooling ages of 78.5 ± 1.2

to 74.9 ± 1.2 Ma by the K–Ar method were obtained on

biotite and muscovite by Göncüoglu (1986). The U–Pb age

for the hornblende-biotite granite of 84.1 ± 1 Ma of the

AIA presented here is identical within error to that of bio-

tite-muscovite granite, i.e., 206Pb/238U age of 82.3 ? 0.8/

-1.1 Ma. Age data from hornblende-bearing granitoids in

other parts of the CACC (see Fig. 1) were presented for the

Behrekdag batholith as a 79.5 ± 1.7 Ma K–Ar hornblende

age (Ilbeyli et al. 2004), for the Kerkenez granitoid as a

81.2 ± 0.5 Ma 40Ar/39Ar hornblende age (Isik et al. 2008),

and for the Akçakoyunlu granitoid as 79.3–77.6 Ma K–Ar

hornblende ages (Boztug et al. 2007c), all to be interpreted

as cooling ages. Therefore, it is plausible to suggest that the

Late Cretaceous magma generation within the CACC
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forming the biotite-muscovite and hornblende-biotite

granitoids had crystallization ages between 84 and 82 Ma

and cooling ages of 81–77 Ma. Whitney et al. (2003)

described the age of the Uçkapili granitoid as 92–85 Ma

based on their U–Pb SHRIMP zircon ages. Their data

(Table 3 in Whitney et al. 2003), on the other hand, show a

mean 206Pb/238U age of 83.9 ± 2.4 Ma (at 95% CI;

excluding the point with 66.5 ± 0.5 Ma), which is consis-

tent with our data. Accordingly, the 40Ar/39Ar age of

79.4 ± 1.0 Ma determined by those authors is also con-

sistent with our interpretation as a cooling age.

There are younger dykes within the AIA, i.e., the granite

porphyry dyke with 79.1 ? 2.1/-1.5 Ma and the alkali

feldspar dykes with 75.0 ? 1.0/-1.0 Ma ages indicating

that magmatism is continuous in this period. However, the

second main magma generation event in the area is mon-

zonitic. The mean 206Pb/238U age obtained on the monzo-

nite is 73.6 ± 0.4 Ma, consistent with the ages of other

monzonitic rocks within central Anatolia. These monzon-

itic granitoids in the CACC are the Cefalikdag granitoid

(Fig. 1), which yielded a 73.5 ± 1.0 Ma Rb–Sr whole-rock

age (Ataman 1972) and a 70.0 ± 1.0 Ma 40Ar/39Ar

amphibole and biotite age by Kadioglu et al. (2006); the

Baranadag granitoid (Fig. 1) with a 74.0 ± 2.8 Ma U–Pb

titanite age by Köksal et al. (2004), a 76.4 ± 1.3 Ma K–Ar

hornblende age by Ilbeyli et al. (2004), and a

74.1 ± 4.9 Ma 207Pb/206Pb zircon evaporation age by

Boztug et al. (2007b); the Kerkenez granitoid with a

72.6 ± 0.2 Ma 40Ar/39Ar hornblende age by Isik et al.

(2008), and the Adatepe and the Yassiagil granitoids

(Fig. 1) with 79.8–68.0 Ma K–Ar cooling ages by Boztug

et al. (2007c). We interpret these results to date monzonitic

magmatism in central Anatolia at ca. 74 Ma with a cooling

period from 71 to 68 Ma.

There is a third episode of magmatism coeval or

younger than the monzonitic phase, including A-type

syenitic and foid-syenitic granitoids in the CACC, e.g., the

Çamsari granitoid (Fig. 1) with a U–Pb titanite age of

74.1 ± 0.7 Ma (Köksal et al. 2004) and the Bayindir

granitoid (Fig. 1) with 69.8 ± 0.3 Ma 40Ar/39Ar amphi-

bole and biotite ages (Kadioglu et al. 2006). In contrast,

Boztug et al. (2007b) suggested the presence of Mid-Cre-

taceous A-type CAG, e.g., the Konur granitoid with an age

of 92.4 ± 5.6 Ma, the Çamsari granitoid (95.7 ± 5.1 Ma),

the Çayagzi granitoid (97.0 ± 12.0 Ma), and the Karaçayir

granitoid (99.0 ± 11.0 Ma). Their interpretation, based on
207Pb/206Pb zircon evaporation analyses, contradicts field

observations in the CACC and also their 40Ar/39Ar ages of

ca. 67–65 Ma, which would indicate an unlikely slow post-

crystallization cooling period. It can be argued that the

presence of inherited cores within the zircon grains dis-

turbed the 207Pb/206Pb zircon evaporation results (e.g.,

Göncüoglu 2009). Such inheritance structures in the zir-

cons of the Çamsari granitoid have been also demonstrated

recently by Köksal et al. (2008).

Whole-rock element and Sr and Nd isotope geochemical

data show that the granitoids in the Agaçören area have

crustal source characteristics, i.e., enrichment in Th, U, K,

Pb with (87Sr/86Sr)T ratios[0.708 and low eNdT values, but

it is difficult to identify a single fractionation trend with the

available data. The geochemical data rather infer different

source characteristics for the subunits of the AIA. The

0 500 1000 1500 2000

Age (Ma)

-14.0

-12.0

-10.0

-8.0

-6.0

-4.0

-2.0

0.0

2.0

4.0

2500

50

40

30

20

10

0

Fig. 7 Relative probability diagram combined with eHf(t) versus age
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2010), 2 Gneisses and granitoids from South Africa (Botswana) (Zeh

et al. 2007; Millonig et al. 2010), 3 Detrital zircons from Armorican

metasediments (Gerdes and Zeh 2006), 4 Gondwanan detrital zircon

data (Kemp et al. 2006), 5 SW Bohemian Granitoids (Siebel and Chen

2010), 6 Granitoids from East Asia (Griffin et al. 2002; Chu et al.

2006; Zheng et al. 2007; Zhong et al. 2009; Qin et al. 2010), 7 S-type

granitoids from Scottish Caledonides (Appleby et al. 2010), 8
Australian igneous rocks (Kemp et al. 2007). DM line is from Griffin

et al. (2000)
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biotite-muscovite granite shows a more pronounced crustal

signature, higher Sr and lower Nd isotopic ratios, but its

crystallization age is similar to that of the hornblende-

biotite granite. This can be explained either by formation of

the biotite-muscovite granite several million years before

the hornblende-biotite granite (taking the error envelope of

the ages into account) from a different source or by for-

mation of coeval biotite-muscovite and hornblende-biotite

granitoids from different domains (or from different

depths) within the crust. The younger intrusions, especially

the monzonite in the AIA, are likely to have additional

components in their genesis but they may be related to the

slightly earlier granitoids by assimilation-fractional crys-

tallization (AFC) processes. The geochemical data from the

AIA are limited, but similar monzonitic granitoids within

the CACC are interpreted to be derived from crustal

sources and/or enriched lithospheric mantle accompanied

by crustal contamination processes (e.g., Köksal et al.

2004; Ilbeyli et al. 2004; Boztug et al. 2007a).

There are geodynamic models linking the evolution of

the CAG to the Inner Tauride Ocean, proposed as an ocean

separating the CACC from the Tauride-Anatolide micro-

plate (e.g., Sengör and Yilmaz 1981; Görür et al. 1984,

1998; Whitney and Dilek 1997; Kadioglu et al. 2003,

2006). In these models, the CAG are either related to

Andean-type calc-alkaline arc magmatism occurring dur-

ing closure of the Inner Tauride Ocean in Early Paleocene-

Eocene times by northward subduction beneath the CACC

(e.g., Sengör and Yilmaz 1981; Görür et al. 1984, 1998).

Alternatively, the CAG are related to syn-collisional

magmatism due to the collision and partial subduction of

the leading edge of the Tauride micro-plate with a trench in

the Inner Tauride ocean and subsequent slab break-off

(e.g., Kadioglu et al. 2006).

Another alternative model, which we favor, is to inter-

pret the CAG as collisional and post-collisional granitoids

formed within the northern passive margin of the Tauride-

Anatolia microplate (Fig. 9a), i.e., the CACC, subsequent

to the closure of the northern branch of the Neotethyan

Ocean along the IAESZ (e.g., Göncüoglu et al. 1991;

Akiman et al. 1993; Yaliniz et al. 1999, 2000; Boztug

2000; Düzgören-Aydin et al. 2001). In this model, MORB-

type oceanic crust, together with the OIB-type volcanic

rocks and accretion prism material, was obducted onto the

passive margin of the Tauride-Anatolide microplate during

the Middle Cretaceous. This resulted in the formation of

ophiolitic-nappes giving way to crustal thickening at the

passive CACC margin (Fig. 9b, c). The thickening of the

CACC crust first resulted in high temperature–low pressure

regional metamorphism, and then, coeval or post-meta-

morphic collisional granitoids were formed probably from

the tonalitic source (e.g., Erler and Göncüoglu 1996; Yal-

iniz et al. 2000) (Fig. 9c). A crustal source of the

84–82 Ma granitoids within the AIA as interpreted from

the geochemical and Sr, Nd, and Hf isotopic data is con-

sistent with this interpretation. The generation of these

granitoids has probably triggered extension and rapid

exhumation (Whitney et al. 2003; Isik et al. 2008) that

resulted in decompressional melting of the middle crust

(Whitney et al. 2003). Agreement of the ages of the

granitoids (i.e., ca. 84–82 Ma) with the age of peak

metamorphism (Göncüoglu 1986; Floyd et al. 2000;

Whitney et al. 2003) manifests a direct link between the

regional metamorphism and the widespread collisional S-

and I-type granitic magmatism in central Anatolia. These

large-scale metamorphic and magmatic events during this

period probably caused also crustal homogenization within

the CACC (Fig. 9c). During this period, intraoceanic sub-

duction and ensimatic island arcs were formed. Trench

rollback formed through subduction of the forearc basin

and gave rise to extension within the oceanic crust and

formation of supra-subduction zone (SSZ) ophiolites (e.g.,

Yaliniz et al. 2000; Floyd et al. 2000) in the Izmir-Ankara

oceanic lithosphere to the north (Fig. 9b, c).

The convergent regime that continued during the Late

Cretaceous is characterized by obduction of the dismem-

bered SSZ-ophiolites and collision of an ensimatic island

arc with the CACC margin (e.g., Yaliniz et al. 2000)

(Fig. 9d). Post-collisional uplift and extension followed the

complete obduction of the SSZ-ophiolites. The age of this

episode can be constrained by the U–Pb age of the mon-

zonite (i.e., ca. 74 Ma) from the AIA and similar mon-

zonitic granitoids from the CACC (e.g., Ilbeyli et al. 2004;

Köksal et al. 2004). The predominantly crustal signature of

the monzonite inferred from geochemical and Sr, Nd, Hf

isotope data is related to either crustal melting or enriched

mantle sources. Accordingly, these monzonitic I-type CAG

of ca. 74 Ma age, together with some A-type granitoids, are

interpreted to be related to melting of lower crustal granitic

and granulitic rocks, residual material from the older

metamorphic and magmatic events, and probably the sub-

continental lithospheric mantle rocks with heat supplied by

mantle-derived mafic magma underplating of the lower

crust as a result of lithospheric delamination and thinning

(e.g., Göncüoglu and Türeli 1994; Aydin et al. 1998;

Boztug 1998, 2000; Düzgören-Aydin et al. 2001; Köksal

et al. 2004; Ilbeyli et al. 2004; Boztug et al. 2007a, b, c;

Boztug and Arehart 2007; Boztug and Harlavan 2008;

Boztug et al. 2009) in this post-collisional period (Fig. 9d).

The hybrid magma source that is indicated by the abundant

mafic microgranular enclaves within the CAG is suggested

to be the result of interaction of the underplating magma

with the base of the crust as argued by Voshage et al.

(1990).

Extension continued in the late Campanian–early Ma-

astrichtian and was characterized by the formation of the
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silica-saturated to undersaturated A-type granitoids and

associated volcanic rocks (e.g., Boztug 2000; Köksal et al.

2001; Boztug and Arehart 2007). The post-collisional

thickening period in central Anatolia ended with formation

of A-type granitoids (e.g., Köksal et al. 2004) and changed

into an extensional regime, characterized by alkaline vol-

canic rocks (Köksal et al. 2001; Alpaslan et al. 2004, 2006;

Kurt et al. 2008), while the Sakarya Continent was juxta-

posed to the CACC with the Ankara mélange in between

those units (Fig. 9e). Last stage granitoids in the CACC

cooled and were exhumed during the Early to Middle

Paleocene (Boztug et al. 2008). This was concurrent with

the formation of the central Anatolian foreland basins

(Göncüoglu et al. 1991) (Fig. 9e).

Evidences for these complex geological processes from

the Early Proterozoic to the pre-Late Cretaceous are the

U–Pb ages and the Lu–Hf isotope data of zircons from the

AIA granitoids. Zircon crystals with inherited cores also

display the crustal-derived nature of the granitoids. These

cores mostly gave Proterozoic ages, also documented from

the granitic and metamorphic rocks in the Nigde area by

U–Pb SHRIMP zircon analyses of Whitney et al. (2003). In

addition, the zircon Lu–Hf isotope data of Paleozoic age

from the AIA granitoids are close to those of Gondwanan

Fig. 9 Schematic

representation of the proposed

model for the tectonic evolution

of the CACC in the Late

Cretaceous
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detrital zircons (Kemp et al. 2006). These features can be

interpreted as evidence for a Gondwanan origin of the

CACC, which is the topic of another study (Göncüoglu

et al. in prep). There is a correlation of the Lu–Hf isotope

data with some of the Variscan rocks of Paleozoic age

(e.g., SW Bohemian Granitoids, Siebel and Chen 2010)

(Fig. 8), which show a similar spread in eHf(t) values than

the AIA granitoids, but more CHUR-like values. Many

inherited zircon cores were corroded, by mechanical

abrasion or possibly during the subsequent magmatic

stages by dissolution during influx of hot juvenile magma.

More juvenile magma generation in the Neoproterozoic is

consistent with some of the Lu–Hf isotope data, whereas

Hf isotopic data for the Late Cretaceous granitoids are very

homogeneous and the low eHf(t) values are consistent with

crustal isotopic characteristics of the AIA granitoids.

The main general conclusion of this study is that the

crustal origin and strong heterogeneity of the source

material can be traced by in situ U–Pb geochronology,

whereas the Lu–Hf data show that there is very effective

homogenization of this isotopic system during the regional

metamorphic and magmatic events in the Late Cretaceous.

The inherited zircon grains are evidence for strong age and

isotopic heterogeneity of the reworked crust. However, Lu–

Hf isotope data of Cretaceous zircon domains from dif-

ferent granitoids in the Agaçören area indicate a relative

homogeneous isotope composition of the crustal melts.

This circumstance may be explained by the homogeniza-

tion and mixing of the heterogeneous pre-Cretaceous crust

during the high temperature (up to 725�C; Whitney et al.

2003) metamorphic conditions and syn- or post-metamor-

phic magmatic activity in central Anatolia in the Late

Cretaceous. Effective homogenization of the isotopic sys-

tem is interpreted to have caused the observed restricted Hf

isotopic data for the first phase of the AIA granitoids.

Younger intrusions within the AIA picked up this isotopic

nature of the pre-existing crust during their formation via

assimilation and fractional crystallization processes. Simi-

lar isotopic homogenization of the crust was also reported

by Millonig et al. (2010) from the Mahalapye complex

(Botswana), where a high-grade tectonometamorphic

overprint was accompanied by magmatic intrusions. Their

interpretation is that Hf isotopic homogenization was likely

to have occurred during granitic melting formed from a

crustal source at or immediately after the metamorphic

peak. Crustal homogenization in the AIA studied here can

also be inferred from the relatively homogeneous chemical

composition of the granitoids with only minor chemical

differences. However, for the genesis of the AIA grani-

toids, an involvement of enriched lithospheric source

material cannot be ruled out by the available data. The

range of the Hf isotopic data for the S-type post-tectonic

granitoids from the Scottish Caledonides (Fig. 8) is also

very narrow, but zircon oxygen isotope data reveal heter-

ogeneity in the source (Appleby et al. 2010). Future

research on oxygen isotope systematics of zircon from the

AIA granitoids and Hf isotopic studies on the pre-Creta-

ceous basement of central Anatolia should be able to

resolve these issues, but are beyond the scope of the present

study.

In addition to chemical and isotopic homogenization,

extensive metamorphism and following physical processes

recorded within the central Anatolian crust, e.g., extension

of the middle to upper crust and lateral underflow of the

lower crust (Whitney et al. 2003; Gautier et al. 2008),

might also have resulted in mechanical homogenization of

the central Anatolian crust. Alternatively, the extent of the

crustal homogenization (i.e., complete or partial) remains

an open question, since the whole-rock Sr and Nd isotopic

character of the biotite-muscovite granite is significantly

different from the other granitoids in the area. The scale of

the crustal homogenization may be tested in future studies

on zircon from the other igneous associations, including

younger granitic and volcanic rocks within the CACC, to

complete the crustal evolution scenario.
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Güleç N, Kadioglu YK (1998) Relative involvement of mantle and
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