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Abstract

In the Aegean region, complex geodynamic processésding subduction, continent-
continent collision, and back-arc extension ocalifrem the Eocene to the present time. In
NW Anatolia (Turkey), the products of these evertswidely exposed. Especially, Miocene
granites along the northern border of the Mend&tassif demonstrate prominent geologic
features associated with these complex geodynawémte In order to determine the
magmatic evolution of the northern boundary of Menderes Massif and to understand its
tectono-magmatic position in the Aegean region,indurand after the collision of the
Anatolide-Tauride platform with the Sakarya Contipgwo regions in NW Anatolia (Simav
and Alacam regions) were examined by detailed nmappgeochemical, isotopic and

geochronological studies.

After the closure of the Neo-Tethys and the cahsof the Menderes Platform with
the Sakarya Continent during the Cretaceous, aeng@eckage consisting of four main
tectonic zones was formed in NW Anatolia. These @eMenderes metamorphics, (2) Meta-
ophiolithic nappe complex, (3) Afyon Zone, and @yrnova Flysch Zone. This nappe
package, stacked together by the collision, wasidied and stitched by Early Miocene
granitic plutons that constitute a NE-SW trendinggmatic belt that evolved in a thick
continental crust. In the Simav regiongrig6z and Koyunoba granites are intrusive to the
Menderes Metamorphics and Afyon Zone. In the Alagegion, the Alagam granite shows
clear cross-cutting relations with the Menderes $¥as\fyon Zone, and Bornova Flysch
Zone. The [rigbz, Koyunoba, and Alacam are undeformed magmatities and present
similar geological, geochemical, isotopic, and deonological features. They are shallow-
seated bodies (2-7 km), granite-granodiorite andzauogranite in composition, and are I-type,
calc-alkaline in nature. Their Sr-Nd-Pb-O isotopes in line with derivation from lower-to
middle crustal source lithologies. It can be denratsd that crustal assimilation during the
magma generation played an important role. Radiogaye determinations from the granites
show that the U-Pb zircon crystallization ages lzgeveen 19.4 + 4.4 Ma for thegfgoz
granite, 21.7 £ 1.0 Ma for the Koyunoba granite,026 1.4 Ma, and 20.3 = 3.3 Ma for the
Alacam granite and from its related stock. Micalocwpages of 18.77 + 0.19 Ma for the
Egrigoz granite and early Miocene (20.01 + 0.20 Md 20.17 + 0.20 Ma) cooling ages of

the Alacam granite and its related stocks were algained by Rb-Sr (whole rock, biotite)



analyses which indicate rapid cooling. MoreoverPbJzircon ages from the country rocks of
the Miocene granites yield 30.04 + 0.56 Ma for atageanite of the Menderes Massif in
Simav region and 314.9 = 2.7 Ma for gneissic geamt the Afyon Zone in the Alacam

region, which were both previously interpreted aheared part of the Miocengrif6z and

Alacam granites.

Field occurrences, geochemical, isotopic charatiesi and geochronological data
obtained from the grigd6z, Koyunoba and Alacam granites show closelarnities with other
Oligo-Miocene granitoids in northwestern Anatoliiis concluded that all granitoids from
this belt emplaced along an E-W trending regiormalezin a compressional regime, rather
than representing individual bodies related to llocarth-dipping, low-angle detachment

faults, as suggested in previous papers.

Vi



Zusammenfassung

Seit dem Eozéan finden in der Agais komplexe geodysehe Prozesse statt, die
Subduktion, Kontinent-Kontinent Kollision und Delmguim Back-arc Bereich umfassen. In
Nordwest Anatolien (Turkei) sind die Produkte dreBeesignisse weitrdumig aufgeschlossen.
Insbesondere weisen miozéne Granite entlang deslirddutes des Menderes Massivs
markante geologische Merkmale auf, die mit diesamfdexen geodynamischen Prozessen in
Verbindung stehen. Um die magmatische Entwicklueg Mordrandes des Menderes Massivs
wéahrend und nach der Kollision der Anatolisch-Tdischen Platte mit dem Sakarya
Kontinent nachzuvollziehen, wurden zwei Regionemordwest Anatolien (Simav Region
und Alagam Region) mittels ausfiuhrlicher Kartieriszgvie geochemischer, isotopischer und
geochronologischer Analysen untersucht.

Nach der SchlieBung der Neotethys, der Bildung lderir-Ankara Zone und der
Kollision der Menderes Platte mit dem Sakarya Kuerit wahrend der Kreide, kam es zu
gro3raumigen Deckenbildungen. Die Decken kdnnegefulermal3en untergliedert werden:
(1) Menderes Metamorphite, (2) ein metaophiolitescBeckenkomplex, (3) die Afyon Zone
und (4) die Bornova Flysch Zone. Im Untermiozanrudierten in dieses Deckenpaket
granitische Plutone, die einen magmatischen Gibildlen und sich vom Nordost nach
Sudwest erstrecken. Dieser Prozel3 bewirkte einditlemg der kontinentalen Kruste. In der
Simav-Region intrudierten diegiig6z und Koyuonba-Granit in die Menderes Metamagph
und die Afyon Zone. In der Alacam Region zeigt A&acam Granite klare Intrusivkontakte
sowohl zu den Menderes Metamorphiten, als aucthAtiem und der Bornova Flysch Zone.
Bei all diesen Graniten handelt es sich undefot@iaragmatische Korper, die im Miozén
entstanden sind und das Schwerpunktthema der geriden Dissertation bilden. Die Granite
ahneln sich in ihren geologischen, geochemischsstopischen und geochronologischen
Merkmalen. Es handelt sich um flach intrudierte p&r (2-7 km Tiefe) von granit-
granodioritischer und monzogranitischer Zusammenset (I-Typ Granite), die eine
kalkalkaline Affinitat vorweisen. Die Sr-Nd-Pb-Oolwpenzusammensetzung weist auf eine
tief- bis mittelkrustalen Herkunft der Schmelzem.hiEs kann gezeigt werden, dass
Krustenassimilation wahrend der Magmenbildung emvihtige Rolle gespielt hat.
Isotopische Altersbestimmungen an den Granitenereigass das Kristallisationsalter bei
19.4 + 4.4 Ma fur den gigoz Granit und bei 21.7 + 1.0 Ma fur den Koyuortbanit liegt

Vi



und bei 20.0 £ 1.4 Ma und 20.3 + 3.3 Ma fur dencala Granit. Abkihlungsalter von 18.77
+ 0.19 Ma fur den Erig6z Granit und solche von 20.01 £ 0.20 Ma undL2G: 0.20 Ma fur
den Alagam Granit wurden mittels Rb-Sr Analyseng@etgestein und Biotit) erhalten. Die
Isotopendaten deuten auf eine schnelle AbkuhlumgMigmen hin. Dartber hinaus wurde
das Umgebungsgestein der Granite, welches zuvordefsrmierte Randfazies gedeutet
wurde, auf 30.04 + 0.56 Ma (Metagranit des Mend#&tassivs in der Simav Region) und 314
+ 2.7 Ma (Metagranit der Afyon Zone in der Alagcaradion) datiert.

Die Gelandebeobachtungen, geochemische Charaiki@rishd geochronologische
Daten der Brigdz, Koyunoba und Alagcam Granite zeigen groReli8hkeiten mit anderen
Oligo-Mi6zanen Granitoiden aus Nordwest AnatoliEs.wird daraus geschlossen, dass alle
Granitoide dieses Gurtels entlang einer Ost-Wesicstenden regionalen Zone wahrend eines
kompressionalen Regimes intrudierten und nicht, wievorhergehenden Publikationen
behauptet, als individuelle Korper, die im Zusamhsrg mit lokalen, nach Norden
einfallenden, flach winkligen Abscherzonen (sogadement faults) stehen.

Vil



Introduction and aims of this study

The Africa-Eurasia convergent zone in the Aegeagiore is characterized by complex
geodynamic processes resulting from subductionk-bac extension, and continent-continent
collision from the end of the Cretaceous to presgay. In the Aegean region, HP-LT
metamorphic rocks, post-collisional magmatic beltsl back-arc extension related volcanic
fields are widely exposed. To demonstrate the cempgleodynamic scenario of the Africa-

Eurasia convergent zone in the Aegean region, wesiatolia is one of the key areas.

In western Anatolia, the internal stratigraphy, matgjic and metamorphic evolution of the
Menderes Massif and its neo-tectonic exhumatiototyshave been studied extensively (Akkok
1983; Sengor et al. 1984a; Satir and Friedrichsen 198@pdan 1992; Erdgan and Gungor
1992; 2004, Hetzel et al. 1995a; Bozkurt and S2000; Satir & Taubald 2001; Candan et al.
2001; Whitney & Bozkurt 2002; Ring et al. 2003; Be§lu et al. 2004; Catlos & Cemen 2005;
Whitney et al 2005; 2008; Cemen et al. 2006; Weaya006; Catlos et al. 2010; Bozkurt et al
2010). The uplift of the massif was first proposeaccur along high-angle normal faults during
the neotectonic period by which graben structufé&/estern Anatolia were forme§¢ngor and
Yilmaz, 1981;Sengor et al. 1984a; 1984b; Dora et al. 1990; 19%9az 1997). Since the early
1990’s an alternative model has arisen suggedtaigeixtensional low-angle normal faults were
effectively active during the neo-tectonic periawahat tectonic denudation was the cause of
the exhumation (Verge 1993; Bozkurt and Park 139dtzel et al. 1995a; 1995b; Lips et al.
2001; Ring et al. 2003; Seyiiln et al. 2004; Purvis and Robertson 2004; Cemeal.2006;
Catlos et al. 2010; Bozkurt et al. 2010) that ledassigning the Menderes Massif as a
metamorphic core complex. In this model, the bouwndeetween the high-grade metamorphic
Menderes Massif and tectonically overlying lessnonmetamorphic units was suggested as an
extensional detachment zone. Along this regionalesextension related zone in NW Anatolia,
most of the granitoids with its related volcaniaioterparts were previosly interpreted as a result
of this tectonic event and related to the formatdrore complexes (Okay and Satir 206 |
and Tekeli 2001;stk et al. 2004; Seyitgu et al. 2004; Ring and Collins 2005; Thomson and
Ring 2006; Erkul, 2009).

In NW Anatolia, the closure of the Neo-Tethys résallin progressive collision of the Tauride-
Anatolide Platform with the Sakarya Continent. Thi®cess was associated with widespread
post-collisional, alpine-type magmatism. The getenaof pre- (subduction-related), syn-, and



post-collisional magmatism is well documented arabihauthors suggest a southward retreat of
the African lithospheric plate (Hellenic subductioone) (Dilek & Altunkaynak 2009; Jolivet &
Brun 2010; Stouariti et al. 2010) as the ultimaase of this magmatism. Arc migration resulted
in the emplacement of granitoids both in the Balkegion, Aegean islands and NW Anatolia. In
NW Anatolia, Oligo-Miocene magmatism comprises salbanic and plutonic rocks which form
a NW trending belt close to the northern bordethefMenderes Massif (Akay 2009). According
to previous works, two types of emplacement aregssigd for the Miocene granitoid&l)
Recent model puts forward the idea that the Miograeites emplaced syn-kinematically along
an extensional detachment fault at ca. 23-20 MayQind Satir 200031k and Tekeli 2001 ;sik

et al. 2004; Seyitgu et al. 2004; Ring and Collins 2005; Thomson Ry 2006; Erkil 2009).
(2) In an alternative model, a regional compresaigegime was proposed for the Miocene
granites and their volcanic equivalents along amrer belt instead of an individual extensional
zone (Geng 1998; Altunkaynak and Yilmaz 1998; Kdrand Yilmaz 1998; Yiimaz 1997;
Yilmaz et al. 2001; Akay 2009).

Due to the controversial emplacement models forMi@ene granites, which are mainly used
as evidence for the formation of the core compleesto understand the geodynamic evolution
of the NW Anatolia, we focused on two main regiaf@ng the northern border of the Menderes
Massif. In these regions, the tectonic belts of Menderes Massif, Afyon Zone and Bornova
Flysch zone are intruded by Miocene granitoids.sEhegions argl) Simav region (Kitahya),
(2) Alacam region (Balikesir). Limited number of steslhave been carried out so far in these
regions (Akdeniz and Konak 1979 a, b; Akkok 1988rdet al. 1990; 199551k and Tekeli
2001; kiIk et al. 2004; Seyitgu et al. 2004; Ring and Collins 2005; Thomson &ilg 2006;
Ozgencg andlbeyli 2008; Akay 2009; Erkiil 2009). This thesistiges on the evolution of the
Egrigoz and Koyunoba granites in the Simav regiord #re Alagam granite with its related
stocks in the Alacam region. An important aim a$tthesis is to find arguments whether or not
(1) low-angle normal faults caused the Miocene magmatsnd(2) the Egrigéz, Koyunoba and
Alagcam granites are genetically related with a bovgle detachment zone along the northern
border of the Menderes Massif.

In order to elucidate the emplacement problem efdhrly Miocene granitic intrusions in the
northern Menderes Massif, we remapped both the\sand Alacam regions and obtained U-Pb
zircon ages from the granites, and from a metatgcabody of the Menderes Massif and the

Afyon Zone.207pp206py, single zircon evaporation ages were obtainad figneissic rock of



the Menderes Massif. In addition to that, threeRIbiotite ages from thegligdz and Alacam

granites were obtained. Al-in hornblende baromeatgulations were performed to evaluate the
emplacement depth of the Miocene Alacam granités Titesis is divided into three chapters to
discuss the Miocene magmatic evolution of the rrttmargin of the Menderes Massif in the

light of new geological, mineralogical, isotopicdageochronological evidence.



Geological overview

In NW Anatolia, nappe packages formed during thésoon of the Tauride-Anatolide Block to
the south and the Sakarya Continent to the nofirese nappe packages which are exposed in
both study areas (Simav region, Alacam region) asaprom south to north(1) A high-to-
medium grade metapelite association (the Menderassi¥) (Akdeniz and Konak 1979 a, b;
Akkok 1983; Dora et al. 1990§2) a HP-LT belt tectonically overlying the Mendereaddif
along its northern border (the Afyon Zone) (Okayakt1996; Candan et al. 2005), af3) an
internally sheared flysch (the Bornova Flysch Zonegtonically overlying the Menderes
metamorphics and the Afyon Zone along its northweastgin (Okay et al. 1996).

Metamorphic associations of the Menderes Massifnagely exposed in NW Anatolia and can
be divided into three sub-massif§l) southern sub-massif2) central sub-massif, an(B)
northern sub-massif (Bozkurt et al. 1993; 1995 esfdrences therein). The study regions are
located within the northern sub-massif which is dwated by gneiss-schist-marble associations
and metagranites and these high-grade units ofrthssif are tectonically overlain by less

metamorphosed rocks of the Afyon Zone.

Originally, the Afyon zone was separated as anviddal tectonic zone by Okay (1984). In
previous studies, the Afyon zone was interpretedaee been formed under greenschist facies
conditions (Okay, 1984; Okay et al. 1996). Howewagent papers suggest that a HP-LT
metamorphism took place in the central parts ofztee (Candan et al. 2005). In the Simav
region, the Afyon zone consists of metadetrital argtavolcanic rock lithologies. These rocks
grade into metacrystalline basement rocks outsidbeostudy area. In both regions, the Afyon
zone is conformably overlain by strongly recrystaitl limestones known as Bug#an Limestone
(Kaya, 1972). The Menderes Massif and the Afyone&Zare tectonically overlain by the slightly
deformed Bornova Flysch Zone representing the kAnkara Zone. This zone comprises
ophiolitic and carbonate blocks embedded in shgsiieared sandstone and mudstone matrix. In
both study regions, the nappe packages are inélysout by the Miocene granitic bodies and
their volcanic counterparts. These granites &t¢:Egrigoz and Koyunoba granites (Simav

region),(2) Alacam granite and its related stocks (Alacamaeyi



1. Egrigoz and Koyunoba granites

Egrig6z and Koyunoba granites crop out along thehwort part of the Simav village (Kitahya)
in the northern Menderes Massif. These granitesttate the Simav Magmatic Complex with
their volcanic counterparts (Akay, 2009). The lomagis of these granitoids extends
approximately in a NNE-SSW direction. Thgrlgoz granite is 18 x 32 km, and the Koyunoba
granite is 10 x 18 km in diameter. Both granites generally light pinkish and gray; in places
light brownish in color and strongly altered. Thaye mostly granitic to monzonitic in
composition and penetrated by aplite and pegmalyiees. The texture of the granites is
holocrystalline and partly porphyritic to granopieykvith well defined myrmekitization and
perthitization in feldspars. At the margins of g@nitoids, the texture is fine grained, grading
into a coarser grained texture towards the centeth® plutons. The sizes of pink colored
orthoclase phenocrystals may reach up to 0.5-2 cm.

Contacts between granites and the basement coumtkgs are clearly intrusive and at the
contacts they are undeformed. Close to the contaetfsrigdz and Koyunoba granites contain
augen gneisses of the Menderes Massif as enclal@gy the intrusive boundary, both granites
display minor deformation structures such as fracttleavage and lineation. These deformed
zones, not more than 1-5 m in width, gradually pass undeformed granite toward the central
part of the bodies. Moreover, theiri§oz and Koyunoba granites engulfed boulders ef th
Menderes Massif and the Afyon Zone as roof penddims presence of such large roof pendants

(ca. 3 x 4 km) inside the granites indicate shalkboustal emplacement of these granites.

2. Alagam granite and its related stocks

The Alagcam granite and its related stocks are e@asthe southeastern part of the Dursunbey
town (Balikesir) along the northern Menderes MasHife granite has an elongated shape and
extends approximately in a NNW-SSE direction, dreldimension of the granite is about 5 x 12
km. The granite is mostly gray in color, and digglaypical holocrystalline and in places
porphyritic in texture. The lithological feature$ the Alacam granite show similarities to the

Egrig6z and Koyunoba granites.



The granite and its related stocks exhibit crogtrmu relations with the Menderes Massif,
Afyon Zone and Bornova Flysch Zone. No deformatierobserved with the exception of a

slightly deformed microgranitic endocontact whishprobably related to rapid cooling.

An ongoing debate along the northern Menderes Masswhether the Miocene granites are
related to a regional extensional event or noprievious models §lk and Tekeli 2001;sik et

al. 2004; Seyitglu et al. 2004; Ring and Collins 2005; Thomson &mag 2006; Erkll, 2009),
the boundary between the high-grade metamorphicdetes Massif and the tectonically
overlying less or nonmetamorphic units was suggeatean extensional detachment zone and
some of the main evidences presented for this mael1l) Synkinematic granite intrusions
emplaced into footwall rocks with upward, gradu@liege in texture from undeformed to
sheared granites and a low-angle normal senseeaf simd brittle deformed overpringid and

Tekeli 2001; $1k et al. 2004; Seyiggu et al. 2004)(2) 40pr/3%r ages of mylonitic gneisses in
the footwall rocks and U-Th-Pb (SIMS) dates of legranite dykes demonstrating close age
agreement with the so-called syn-kinematic gradg¢@nd(3) Thermo-chronologic evidence for
rapid cooling that was interpreted as a resuleofdnic denudation by low-angle normal faulting
rather than erosiongik and Tekeli 2001;sik et al. 2004; Seyiggu et al. 2004; Ring and Collins
2005; Thomson and Ring 2006; Erkul, 2010). Accaydito these studies, thegiigoz,
Koyunoba, Alacam granites are interpreted to haeenbformed along an extensional
detachment zone separating the Menderes Masdifeirfiobtwall and metapelites of the Afyon
Zone or ophiolitic melange in the hanging wall. Hwer, contact relations and the relative ages
of the assembly of different tectonic and strapdpia successions in the study areas set some
important limitations on the tectono-magmatic meda the northern margin of the Menderes

Massif.

The different slices of the nappe package (Mendbtassif, Afyon Zone, Taanl Zone, and
Bornova Flysch Zone) formed along the suture zogtevéen the Tauride-Anatolide Block and
the Sakarya Continent. They tectonically overlay different units (gneisses, schists or marbles)
of the Menderes Massif (Kaya 1981; sBar and Konuk 1981; Candan 1988; Egdo and
Gungor 1992; Yilmaz et al. 1994, Akay, 2009). Thene, the exhumation of the basement units
must have started prior to the emplacement of #ppa packages along thmnir-Ankara Suture
Zone. With the ongoing compression, the thrustihgnappe packages was accompanied and
followed by a considerable thickening. When the d#ioe Erigbz, Koyunoba and Alagam
granites intruded, the paleotopography was undeldgimetapelites-metarhyolites of the Afyon



Zone or the Menderes metamorphic rocks. The mitidée-Miocene cover succession, and a
considerable part of the young granites and thelcanic phases were eroded after Early

Miocene and this erosion is still continuing at gliesent time.



Summary of the publications

Three chapters form the general framework of thesis. Miocene magmatic evolution of the
Menderes Massif is their primary focus. The firsiapter deals with the Simav region and
presents new geological, geochronological and gaodal data for the gtigdz, and Koyunoba
granites and basement rocks. The second chaptlErexphe geochemical and geochronological
constraints of the post-collisional Alagam gramiigh its country rocks in Alagam region. The
last chapter bears on the emplacement mode armpisatignatures of the Alagam granite and
sheds further light on the Miocene magmatic evotubf the region.

Chapter 1: Early Miocene granite formation by detachmentdeics or not? A
case study from the northern Menderes Massif (\Westarkey) - published in

Journal of Geodynamics -

This paper focuses on theirifjoz and Koyunoba granites and explores the questihether
their formation is related to a syn-extensionalnéva not. The paper contains new geological
observation from granites and their country rocksj new geochronological and geochemical

constraints.

Egrigoz and Koyunoba granites are shallow-seateghéd;tcalc-alkaline, post-collisional granitic
bodies. They are associated with their subvolcaaicanic sequences which crosscut the

Menderes Massif, Afyon Zone and the tectonic cdritetween them.

Major, trace and rare earth element compositiormsvsgeochemical differences between the
Miocene granites (gfigbz and Koyunoba) and a metagranite of the Merglbtassif. The latter
was previosly interpreted as a mylonitic upper pérthe undeformed granitessit and Tekeli
2001; kik et al. 2004; Seyitgu et al. 2004; Ring and Collins 2005; Thomson &mag 2006).
According to the geochemical signatures of the gretdte, Ba, Rb and V contents in
metagranite samples are remarkably different froe damples of the g6z and Koyunoba
granites. The undeformed granites are clearly &typ nature, whereas ASI values of most
metagranite samples indicate an S-type affinitymGared to the REE patterns of the
undeformed granites, the metagranites are morehadiin light rare earth elements (LREE)
([La/Yb]n = 8-38.4), and less enriched in heavy rare eagmehts (HREE) ([Gd/YR]= 0.8-



5.0). Besides, negative Eu anomalies observedeiutideformed granites (0.7 < Eu/Eu* < 1.3)

are not seen in the metagranites (0.6 < Eu/Eu8¥x 0.

Geochronological analyses were performed on samplash were collected close to the
intrusive boundaries of the granites with the bam@mocks. The age relation between gneisses,

metagranites of the Menderes Massif and tpegiz and Koyunoba granites was evaluated by

U-Pb (zircon) and297PbP%Pb (single zircon evaporation) geochronologd?Pb”OPh
evaporation ages between 607-501 Ma and U-Pb zages of 543 + 10 Ma and 30.04 = 0.56
Ma were obtained for two gneiss samples and a maidg of the Menderes Massif,
respectively. U-Pb zircon analyses yield crystatian ages of 21.7 + 1.0 Ma for the Koyunoba
granite and 19.4 + 4.4 Ma for thesfigéz granite. A cooling age of 18.77 £ 0.19 Ma fbe
Egrigdz granite was obtained by Rb-Sr (whole rockfite) analyses.

All the data presented in this paper point out thatEarly Miocene I-type granitesdigéz and

Koyunoba) are part of a NW-SE trending magmatid. bdbreover, the metagranites and the
undeformed Erigdz and Koyunoba granites are not geneticallgtesl with each other. Granite
emplacement related to a low angle detachment faulbt supported by our new geological,

geochronological and geochemical data.

Chapter 2: Early Miocene post-collisional magmatism in NW rkay:
geochemical and geochronological constraints - p@h@dd in International

Geology Review -

This paper offers new geochemical and geochronocddgionstraints of the Alagcam granite. The
Alacam region is situated along the northern Measlévassif and close to the Simav region.
Due to this proximity and the geological resembéribe Alagam region played an important
role to understand the magmatic evolution of thehssn massif. The Alagam granite stitches
into four different tectonic zones which were fodredter the Alpine collision of the Menderes

platform and Sakarya Continent.

The Alacam granite and its related stocks exhypicial I-type characteristic. The geochemical
features of the granite show close similaritieshwtite Erigoz and Koyunoba granites. The
Alacam granite shows enrichment in light REEs (LREEelative to heavy REEs (HREES). In



LREEs a distinctive negative trend is clear, andlear flat pattern is observed in HREES.

Negative Eu, Sr, and Nb anomalies are also chaistatefor the Alacam granite.

In previous studies, the gneissic granites andhtbtarhyolites of the Afyon tectonic zone have
been interpreted as the sheared parts of the Alggamte (Seyitglu et al. 2004; Erkal, 2009).

Such interpretation implies a crustal-scale detastinzone and an extensional regime during
emplacement. A similar intrusion mode was postdldt@ other granites situated along the
northern margin of the Menderes Massif (e.gri#z and Koyunoba granites). However, we
determined U-Pb zircon ages of 314.9 + 2.7 Ma fimneissic granite sample of the Afyon
Zone and 20.0 £ 1.4 Ma and 20.3 £ 3.3 Ma from thacAm granite and its related stocks
demonstrating that these rocks have no genetitaelaith each other. Rb-Sr biotite ages of the
granite and its stocks are 20.01 + 0.20 Ma and72&.D.20 Ma, suggesting fast cooling at a

shallow crustal level.

Geological, geochemical and geochronological charetics show that the Early Miocene
Alagam granite is similar to numerous EW-trendimgtgns of NW Anatolia. This granite with
its stock bears post-collisional geochemical fesguand is interpreted as a product of Alpine-
type magmatism along thizmir-Ankara Suture Zone in NW Turkey and seems d@gehno

genetic relation to the detachment zone.

Chapter 3: Al- in-hornblende thermobarometry and petrogesedithe Alacam
granite in NW Anatolia (Turkey) - submitted to tharkish Journal of Earth

Sciences -

In this paper, the intrusion depth and the isotammpositions of the Alagcam granite were
investigated. The exact emplacement depth of trecéfie granites along the northern border of
the Menderes Massif is still a subject of debatevidus estimates on the granites emplacement
depth were mainly based on geological features. é¥ew the exact emplacement depth is
important for understanding the general emplacemede of the Miocene granites. The new
Al-in-hornblende data and isotopic compositionghef Alagam granite give rise to re-consider
the general mode of the Miocene magmatic activitgd @ast doubt on the hypothesis that

magmatism was triggered by extensional tectonicgsses.
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Three samples from the main body of the Alacam itgamere analyzed for Al-in-hornblende
barometry. Chemical compositions of the rims ancesmf the amphiboles do not differ from
each other. F&/Fe* ratio ranges from 0.20 to 0.37. Total-Al carites between 0.942 and 1.609
cations per formula unit and all cores and rimghaf A-site occupancy range from 0.295 to
0.555. Pressure calculations for amphibole contiposi (rim and core) fall in the range
between 0.60 and 2.07 kbar. By using a conversiotof of 1 kbar = 3.7 km of crust (Tulloch &
Challis 2000), the intrusion depth of the Alagamargte can be estimated between 2-7 km. Our
data is also compatible with the other Oligo Miceegranitoids in NW Anatolia (Kavaklar,
Cavulu, Eybek plutons) (Ghassab 1994). In earlier sisidithe emplacement depth of the
granitoids was evaluated from geodynamic obsematial various researchers have suggested a
large scale crustal extension related emplacemedehior the granitoids in the Aegean Sea and
NW Anatolia (e.g. Cyclades Miocene plutonic suitesigdz, Alagam granites in NW Anatolia)
(Isik & Tekeli 2001; Bozkurt 2004; Seyitogket al. 2004; Jolivet & Brun 2010; Stouraiit al.
2010). The extension model gave rise to considernamision depth at the brittle-ductile
transition zone. In general, crustal-scale detacttrmenes form and evolve in the middle to
lower crust (Ramsay 1980; Coward 1984). The loocatibthe transition zone between elastico-
frictional (ductile) and quasi-plastic (brittle) teevior would define an emplacement depth of
these granitoids between ca. 15-20 km (Sibson 19@yvever, our new Al-in-hornblende
thermobarometry from amphiboles of the Alagam dears inconsistent with this geodynamic

model.

In the Aegean Sea, both I-type and S-type grarstordp out with their volcanic counterparts.
The petrogenetic nature of the Tinos, lkeria, NaRearos, Krokos granitoids were previously
studied in detail (Stouariti et al. 2010 and refiees therein). In general, these studies show that
these Aegean magmatic suites are derived from atraostta-sedimentary sources (Altherr &
Siebel 2002 and references therein). Stouaritil.e(2@10) proposed that three end members
(metasedimentary crustal source, marble, and aruolitep contributed to magma formation.
Miocene granitoids also occur along the northemh ssuthern parts of thigmir-Ankara Suture
Zone. Close age similarities, geochemical and ggcdd features of the NW Anatolian granite
and Aegean granitoids give rise to speculate thmatrhagmatism is closely related with each
other. Initial isotopic signatures of the Alacanamjte are®’SrP°Sr(l) = 0.70865-0.70915 yg()

= 5.8 to —6.45'% = 9.5-10.5,°°Pb/*Pb = 18.87-18.90. These characteristics indicate a
crustal source and its derivation from an olderayeztistal protolith. When compared with the

Aegean granitoids, the isotopic compositions ofAlecam granite are distinctly different.
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New Al-in-hornblende barometry isotopic data of #tdacam granite and its related stocks do
not substantiate previously suggested extensi@tectimodel for both the Aegean Islands and
NW Anatolia magmatism. The emplacement depth aedctlustal source signatures imply a
compression regime for the formation of the Earlpdéne granites along the northern border of

the Menderes Massif.
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Abstract

The northern border of the Menderes Massif is dabeih by gneiss-schist-marble associations
and metagranites. The high-grade units of the massitectonically overlain by a meta-platform
sequence of the Afyon Zone and the Cretaceous-&artjary HP/LT Tayanli Zone. The Simav
Magmatic Complex, comprising the shallow-seatedypk, calc-alkaline, post-collisional
Egrigoz and Koyunoba granites, and associated submmlwolcanic sequences crosscuts the
Menderes Massif, Afyon Zone and tectonic contabtivben them.

In this paper, the age relation between gneissetagranites of the Menderes Massif and the

Egrigz and Koyunoba granites was evaluated by isottating.20’Pb2%%Pb evaporation ages
between 607-501 Ma and U-Pb zircon ages of 543 M4a@&nd 30.04 £ 0.56 Ma were obtained
for two gneiss samples and a metagranite in thedel®s Massif, respectively. U-Pb zircon
analyses yield crystallization ages of 21.7 + 1.8 fidr the Koyunoba granite and 19.4 + 4.4 Ma
for the Egrigbz granite. A cooling age of 18.77 + 0.19 Ma floe Egrigbz granite was obtained
by Rb-Sr (whole rock, biotite) analyses. Field acences, geochemical characteristics and
geochronological data obtained from th&ig6z and Koyunoba granites show close similarities
with other Oligo-Miocene granitoids in northwestedmatolia indicating that they emplaced
along an E-W trending regional magmatic belt aral raot individual bodies related to local,

north-dipping, low angle detachment faults as sstggkin previous papers.

Keywords: Egrigoz granite - Koyunoba granite - geochronologyMenderes Massif -

geochemistry
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Introduction

The Cenozoic suture zone formed by the collisiothef Tauride-Anatolide Block to the south,
and the Sakarya Continent to the north, crops ouhé northwest Anatolia. The Anatolide-
Tauride Block underwent greenschist to bluesclasies metamorphism in the Paleocene due to
the collision with the Sakarya Zone. During thelis@n, the Tauride-Anatolide Block was
internally sliced and converted into a south totlseast vergent thrust pile (Okay et al., 1996;
2005; Collins and Robertson, 1998; Okay, 2004; Bawvid Whitney, 2006; Whitney and Davis,
2006; Candan et al., 2005). In NW Anatolia, theiorglly metamorphosed Menderes Massif
forms the continental basement. For the timing efamorphism in the massif, from the south to
the north 35 + 5 Ma (Rb-Sr phengite-biotite), 40 fBozkurt and Satir, 2000 and references
therein) and ~ 29-28 Ma (Catlos and Cemen, 20083 &dgve been previously obtained. In the
overlying thrust pile, from south to north, two fdifent tectonic belts are distinguished: (1) a
relatively high pressure and low temperature metahio zone, overlying the Menderes Massif,
the Afyon Zone (Okay et al., 1996; Okay, 2004; Ganet al., 2005) which was probably
metamorphosed during the Paleocene (Candan €085, and references therein) and (2) a high
pressure-low temperature metamorphic belt congistih metaclastics and platform type
marbles, the Taanl Zone (Okay, 1980; Okay et al., 1996; Okay, £20Davis & Whitney,
2006; Whitney & Davis, 2006). An internally shearflgsch, the Bornova Flysch Zone
tectonically overlies the Menderes metamorphic soglong its northwest margin (Okay et al.,
1996) (Fig. 1). From west to east, the Oligo-Miced&estanbol, Evciler, Eybek, Kozak, Alagam,
Koyunoba, Brigéz and Baklan granites form a NW-SE trending matjc belt intruded into the
Sakarya Continent, the Menderes Massif, and difteséices of the thrust pile separating these
two continental blocks (Altunkaynak and Yilmaz, 299Geng, 1998; Yiimaz et al., 2001,
Altunkaynak, 2007; Dilek and Altunkaynak, 2009; Keik et al., 2007; Aydgan et al., 2008;
Ozgeng andlbeyli, 2008; Akay, 2009; Hastzbek et al., 2010y (&).
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Fig. 1. Simplified geological map of western Ana@land location of the study area. Modified

after Geng, (1998), Okay et al. (1996), Okay andti§a(2000), Gurer et al. (2009) (Gr:
granite).

In the Simav region, the tectonic contact sepagdtie Menderes Massif, in the footwall, and the
Afyon Zone succession, in the hanging wall, hagmég been defined as a regional detachment
fault (Isik and Tekeli, 2001;slk et al., 2004; Seyifgu, et al., 2004; Ring and Collins, 2005).
The main evidences presented for this model a)didltl mapping of a low-angle fault surface,
(2) structural data showing ductile deformationhwibw-angle top-to-NE sense of shear, (3)

synkinematic granite intrusions gggoz and Koyunoba granites) into footwall rocksdad)
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Ar/ Ar and U-Th-Pb (SIMS) data showing close age refeihips between metamorphic host
rocks and undeformed granitesikl et al., 2004; Ring and Collins, 2005; Thomsod &ing,
2006). These age data were interpreted as une@livdddence for synkinematic granite

intrusions along this “so-called” detachment faulh these studies, radiometric age
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determinations, however, were limited and did ratprise certain mylonitic rocks surrounding
the undeformed §igoz and Koyunoba granites. On a regional scabees contradictions
between these new and pre-existing age determmnsaéippeared: Similar Miocene granites can
be found not only along the tectonic contact betwtdee Menderes Massif and the overlying
tectonic slices but also in the Menderes Mass#fitsn the Afyon and Taanh Zones and the
Sakarya Continent (Fig. 1). Some of these plutoesevalready investigated previously and
suggested to have been formed in a subductiorecekdtting (Altunkaynak and Yilmaz, 1998,
1999; Geng, 1998; Yilmaz et al., 2001). Akay (20p8sented detailed geological maps and
field observations showing the cross-cutting intrescontact relationship of these granites with
the Menderes Massif and the Afyon Zone. Besides, dhthor presented geological and
geochemical data suggesting that these granitegeayeshallow seated bodies that intruded into
different tectonic slices of the collision zone.sBd on these observations, Akay (2009)
suggested that thegkg6z and Koyunoba granites are not geneticallyatesl to extensional
detachment faulting. So far, radiometric age deiations are lacking which would help to
clarify relationships between the undeformegti§oz-Koyunoba granites and the “mylonitic”

host rock associations.

Here we present new radiogenic age determinatiansthe samples taken close to the
endocontacts of thegigdz and Koyunoba granites to clarify if these efodmed granites are
genetically related to the hosting gneiss and mmataig or not. Following the geological
mapping of a large area (~ 24 x 30 km) on 1/25$€¥)e including the Egrigbz and Koyunoba
granitic bodies, we evaluate the geochemical cleniatics of the undeformed granites in
comparison with the hosting metagranites. Zircoesagere obtained from a metagranitic body
which was considered in earlier studies as the nitytoupper part of the Egrigéz and Koyunoba
granites (§1k and Tekeli, 2001;slk et al., 2004; Seyifgdu et al., 2004; Ring and Collins, 2005;
Thomson and Ring, 2006) and from thgrig6z and Koyunoba granites. Our results show the
lack of any petrogenetic and age relation betwhenrietagranitic body of the Menderes Massif

and the Brig6z and Koyunoba granites.
Geological Framework
In the Simav region, the Menderes Massif forms streicturally lowest association and is

tectonically overlain by nappes of the Afyon ZoAa& ophiolitic melange nappe, the gadi

melange, sits tectonically on top of this sequefiteese three tectonic zones are intruded by
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undeformed granitic bodies and their subvolcaniasgl, called the Simav Magmatic Complex
(Akay, 2009) and unconformably covered by middle-laMiocene flat-lying fluvial and
lacustrine sedimentary and subaerial volcanic r¢éksleniz and Konak, 1979a, b; Ercan et al.,
1979, 1984).

Menderes Massif

The Menderes Massif dominantly consists of greesstbwer amphibolite-facies (Konak,
1982) metamorphic rocks of a gneiss-schist-marbsm@ation and metagranites (Fig. 2). The
gneiss-schist-marble association is characteriydoanded-augen gneisses, biotite-rich gneisses
with white to bluish K-feldspar and quartz porplgtests set in a foliated quartz-feldspar-mica
matrix (Fig. 3a, b). With decreasing feldspar andrtg contents, the layered gneisses pass into
biotite schists which contain abundant almandinglpgroblasts. The gneiss-rich parts laterally
and vertically grade into biotite schists, quartzanschists, and muscovite-biotite schists.
Sporadic marble lenses are found in the metapedgiguence. Tourmaline, chlorite, zircon,
titanite and apatite form accessory minerals instttasts. The gneiss-schist association which is
widely exposed in the southern and central Mendetassif has been described as a part of the
Ediacaran-Cambrian (570-520 Ma) basement (SatifFaiedrichsen, 1986; Kroner aijgngor,
1990; Hetzel and Reischmann, 1996; Loos and Reachl999; Gessner et al., 2004; Koralay
et al., 2004).

The gneiss-schist-marble association is intrudethbtagranites in the northern and central parts
of the study area (Fig. 2). The metagranites dysplamogenous foliation with preserved relic
igneous texture in some parts. Main mineral assooiais elongated biotite, K-feldspar,
plagioclase, quartz, biotite, rare muscovite amd rmrnblende (Fig. 3c, d). There is a significant
difference between the gneiss-schist associatidrttemetagranites from banded-augen texture
in gneisses to preserved igneous texture in metdgsaalong a relatively sharp intrusive contact
(Fig. 3). Along the contact zones the metagranitesome areas injected into the banded-augen
gneisses and biotite schists (Fig. 4). In plades,foliation planes of the metagranites have the
same orientation to those in the country rocks, Ibaally, a cross-cutting intrusive contact
relationship is observed (Fig. 4a, b). Close todbetact zone, there are aplitic and pegmatitic
dykes emplaced parallel to the foliation planethefmicaschists. Metagranites cutting the high-
grade gneisses (dominantly augen gneisses) anststiave already been documented in other
parts of the Menderes Massif (Akkok, 1983; Gesstaal., 2001; Candan, 1994; Bozkurt and
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Park, 2001). Amphibolite-facies metamorphic comdit have been suggested for the augen
gneisses and metapelites (Gessner et al., 1998)agtade greenschist conditions for the

metagranites (Gessner et al., 2001).
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(modified after Akay, 2009).
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Afyon Zone

A metapelitic association and overlying Mesozoicrystallized carbonates cropping out along
the northern border of the Menderes Massif arounth$ was first mapped by Kaya (1972) and
Akdeniz and Konak (1979a, b). Kaya (1972) and Kayal. (1995) separated the metaclastic
lower part of this sequence from the surroundingsuaind defined it as an “anchimetamorphic
zone” situated between the Menderes metamorphisraicd the Taanl ophiolite. Later, Okay
(1984) and Okay et al. (1996) named this sequetite Afyon Zone” and defined it as a
tectonically sliced part of the Tauride-Anatolidatform which is at present the most commonly
accepted definition for the unit. The Afyon Zoneour study area consists of a thick metapelitic
sequence at the base and thick platform type nmsnblide upper parts.

Fig. 3. Photomicrographs showing the textural chanristics of the gneisses and
metagranites hosting the undeformedgBgtz and Koyunoba granites. (a) augen, (b)
porphyroblastic texture in augen gneisses. (c) &éd, (b) primary granitic texture in
metagranites (bi: biotite, qu: quartz, mu: musctej Kf: K-feldspar, F: foliation).
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The metapelitic sequence is dominated by phyllitésrcalated with recrystallized limestone
lenses. Bimodal metabasic-metarhyolitic lavas ar@tompanying volcanoclastic lenses
interlayer this sequence at different stratigragbiels. Metarhyolites contain euhedral quartz
and feldspar porphyroclasts wrapped by mica. Badalta flows and mafic tuffs accompany the
metapelites and metarhyolites mostly in the midaithel upper parts of the Afyon sequence.
Chlorite, amphiboles and rare olivine are the nmaafic, and plagioclase is the felsic minerals.
In tuffs, rock fragments accompany the mafic crgstakal et al., (2008) reported a 240.8 = 3.7
Ma (Middle Triassic)?*’Pbf°Pb zircon evaporation age from a metarhyolite regigoz
village and Late Triassic to Jurassic foraminifehase been reported from the carbonates by
Kaya et al. (1995), Akay et al. (2007) aiguhtek et al. (2007).

NNE

thin amphibolite

layer

biotite schists

Metagranite

Fig. 4b. Intrusive contact
cuts foliation planes

Fig. 4. (a) Cross section and (b) field photograpf the cross-cutting relation between

metagranites and high grade metamorphic rocks ofettMenderes Massif (UTM 671728;

4354620). The metagranites clearly bisect the fidba planes of the schists. Dotted line shows
the intrusive contact and solid lines show the ftion planes of the mica schists in Fig. 4b.

For location of photograph see Fig. 2a.

Low temperature-high pressure metapelites and natbe of the Afyon Zone directly overlay
different levels of the high temperature-low to mo@d pressure metamorphic rocks of the
Menderes Massif along a low-angle tectonic contatbng this contact, Afyon Zone rocks
obliquely cut the foliation planes and linear stanes of the underlying Menderes metamorphics
(Akay, 2009).
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Dagardi Melange

In the northernmost part of the study area, anrmatly sheared ophiolitic melange directly
overlays the metarhyolites, metapelites and linretoof the Afyon Zone along a low-angle
fault. This unit is called the @ardi Melange by Akdeniz and Konak (1979a), andasgnts the
southernmost continuation of the TFamli Zone of Okay et al. (1996). Late Cretaceous
foraminiferas have been determined from the limestienses (Akdeniz and Konak, 1979a, b;
Konak, 1982), and late Cretaceous-early Paleocgas were obtained from the matrix of the

ophiolitic melange in the westernmost part of Atiat(Ozer andrtem, 1982).

Simav Magmatic Complex

The Simav Magmatic Complex consists of two largangic plutons which intruded into the
stacked nappe packages of the Menderes Massif fmoh Xone. The complex is composed of
two petrographically and geochemically similar NWBRding granitic bodies @igoz and
Koyunoba) and a small volume of subvolcanic rodkisafy, 2009). The Erigoz and Koyunoba
granites are two of the largest granites in westénatolia (Figs. 1, 2) and granitic to
monzogranitic-granodioritic in composition. Alonget periphery, fine microgranitic chilled
texture is characteristic which, inward, change® iocoarser holocrystalline texture and, in
places, into coarse porphyritic texture with K-f&gdr phenocrystals up to 3 cm in length (Fig.
5). No deformation is observed along the intrusioetact. Undeformed aplites, 2 to 30 cm thick,
cut both the granites and metamorphic host rockbe#ral to subhedral orthoclase (20-25 %),
plagioclase (30-35 %), quartz (20-25 %), biotitel(6%), and hornblende form the main mineral

association; zircon and tourmaline are found asssmry phases.

The Egrigbz and Koyunoba granites cut various units & kenderes Massif and the Afyon

Zone (Figs. 2, 6). Around the granites, a 10 to 2DQvide contact metamorphic aureole is
locally observed. In different aureoles of this ep\lbayrak (2003) documented a mineral
association consisting of pyroxene, plagioclaseygjarare sillimanite and staurolite, orthoclase,
biotite, phlogopite, sphene, apatite, chlorite go@rtz. Based on this mineral association and
limited extension of this contact metamorphic zohkayrak (2003) concluded that the contact

metamorphism occurred in a relatively shallow alstvironment.
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At those places where the Koyunoba angtid®z granites cut the foliated metagranites and
gneissic granites of the Menderes metamorphicseformied microgranitic textures at the
periphery and a steeply dipping boundary cuttiregfthiation planes of the foliated metagranites
(Fig. 6a, b) are developed. An approximately 5 kimgl and 2 km-wide body of metapelite was
intruded and swallowed by theziigbz granite (Fig. 6¢, d). Along the intrusive tact aplitic
dykes cut the chloritized and silicified metapdit&#he map view (Fig. 2) and intrusive contact
relation indicate that during granite emplaceméet inetapelite collapsed and settled into the
granite as a roof pendant. Field characteristicgisf contact relationship were documented by
Akay (2009). Summarizing, the geological evidencespnted here show that thgrigdz and

Koyunoba granites are shallow-seated plutons vbtindant aplitic dykes and angular enclaves

from the country rocks and a large roof pendanhéir center.

Fig. 5. Photomicrographs of the #igéz and Koyunoba granites. (a) Both granites show
undeformed microgranitic texture along the peripher(b) Inward, texture becomes coarser
with 3-4 mm to 3 cm-long crystals (bi: biotite, qquartz, Kf: K-feldspar, pl: plagioclase).

Cover units

Neogene continental sedimentary and volcano-sedanercover units overlie the strongly
eroded surface of the underlying successions @igln the study area, they are composed of
coarse-grained conglomerates, sandstones and ,shatéssitic-rhyodacitic to rhyolitic tuffs or
lavas of Middle-Late Miocene age (Akdeniz and Kgnaf79a, b; Ercan et al., 1979, 1984).
Miocene conglomerates also overlay central parthefErigoz granite indicating that, before

their deposition, the granite was already exposdbé surface.
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Egrigoz grani &

Fig. 6. (a-b)Undeformed [rigéz granite crosscutting the foliation planes dfie high grade
Menderes metamorphic rocks. A significant differemdfrom undeformed to metamorphic
texture is seen along the contact. The white squhr@ea in (a) is zoomed in (b) (UTM
680832; 4328816). (c) A large body of the Afyon 2ometapelite swallowed by thegigoz
granite (Akay, 2009) (d) intrusive contact with Ady Zone along the eastern contact of the
Egrigdz granite. Dashed lines show foliation planesich dotted lines show the intrusive
contact. For locations of photographs, see Fig.2a.

Previous Work on Geochemistry and Geochronology

Geochemical features of the Oligo-Miocene grangigtes in NW Anatolia including the
Egrig6z and Koyunoba granites were documented inild&kay (2009). In previous studies, the
metagranites of the Menderes Massif were intergragethe sheared upper part of thgidoz
and Koyunoba granitess(k & Tekeli, 2001; $ik et al., 2004) therefore, a close geochemically
relation between the granites and the metagrahibeld be expected. Prior to this study the

40 39
following age information from the area was avdga@@able 1): a) Ar/ Ar mica ages obtained
from the shear zone (22.86 + 0.47 Ma) argidg®z granite (20.19 + 0.28 Ma)s(k et al., 2004),
b) U-Th-Pb (SIMS) zircon ages obtained from the iagba granite (21.0 = 0.2 Ma) gigoz
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granite (20.7 = 0.6 Ma) and a leucogranitic dykeh&f Menderes Massif (24.4 + 0.3 Ma) (Ring
and Collins 2005), c) (U-Th)/He apatite and zirdéssion track ages (ca. 28-14 Ma) of the post-
collisional extension-related intrusions (Thomsowl &ing 2006) (Table 1). Recently, Bozkurt
et al. (2009) presented a Rb-Sr mica age of 14.6#4Zrom the postulated Simav detachment
fault surface. The age gap (7-8 Ma) between theisian age of the Eigoz pluton and the
activity of the detachment fault casts some doubaaenetic relation between the extensional

regime in western Anatolia and granite intrusion.
Analytical Methods

Major, trace and rare earth element analyses faagrenite samples were carried out in Acme
Analytical Laboratories Ltd (Vancouver, Canada) IQP-AES (Inductively Coupled Plasma

Atomic Emission Spectrometry), and ICP-MS (InduelyvCoupled Plasma Mass Spectrometry).
SO-17/CSB standard was used for major oxide arglyaad SO-17 and DS-4 for trace element
analyses. Accuracy in major oxides is < 0.02 anttaoe elements < 0.10. Detailed information

about analytic methods can be found in Akay (2009).

Four samples, each 20-25 kg in weight, were catecfTwo augen gneisses (729-UTM:
0664844; 4342195; 739-UTM: 0654912; 4334479), matsite of the Menderes Massif (737A-
UTM: 0670519; 4353610), gEigdz granite (1212-UTM: 0674000; 4359183) and Kuyba
granite (1211-UTM: 0666189; 4352350) (Fig. 2a).

Zircon separation by sieving, wet shaking tablegnegic separator, and heavy liquids was
performed at the Dokuz Eylil University, Enginegrifraculty, Department of Geological
Engineering (Izmir, Turkey). Zircons were hand-gidkand classified under a binocular
microscope based on their morphology and prepavedtdthodoluminescence images in the
SEM laboratory of the Tibingen University. Geoclulmgical analyses were carried out at
Tldbingen University. Chemically abraded zircons f{fviaon, 2005) of metagranite and
unabraded zircons of thesig6z and Koyunoba granites were washed in 6N Hidlwaltra clean

water before isotope dilution. All zircons were kagd with a205Pb-235U tracer solution. The
details for wet-chemical analytical procedures @escribed in Chen and Siebel (2004). U-Pb
analyses were performed on a Finnigan MAT 262 rspsstrometer with NBS 981 as standard
material. The PBDAT programme was used for evatgati-Pb analytical data (Ludwig, 1988)
and the Isoplot programme for calculating the didieolines (Ludwig, 2001). For more details
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about analytical methods and chemical proceduret)-ff isotope analyses, the reader is
referred to Chen et al. (2000, 2002).

Table 1. Geochronological data from the Simav regimcluding the results of this study.

Rock Type Mineral Method Age result Reference
apatite 15.04 + 0.1 to
P 14,57 +0.11 Ma
Granite (Erigdz
(Rrigdz) Jircon 22.9+1.61t0 20.5
+ 1.5 Ma
I(:L.J'T.h)/He K and Thomson and Ring, (2006)
Apatite Ission trac 14.91 * 0.24 to
P 14.69 +0.11 Ma
Granite (Koyunoba)
Jircon 28.8 + 2.0 to 23.7
+1.9 Ma
Granite (Egrigdz) zircon 20.7 £ 0.6 Ma

Granite (Koyunoba) zircon U-Th-Pb (SIMS) 21.0+0.2Ma  Ring and Collins, (2005)

Leucogranite dyke zircon 24.4 + 0.3 Ma
Granite (Egrig6z) biotite 20.19 + 0.28 Ma
N _ OArI*°Ar Isik et al., (2004)

M)fl(_)n!_uc 9NeISS  muscovite 22.86 £ 0.47 Ma
(Egrig6z)
Granite (Egrigdz) zircon 19.4 + 4.4 Ma

. . U-Pb isotopic
Granite (Koyunoba) zircon dilution P 21.7+1.0 Ma
Metagranite : this study
(Menderes Massif) zircon 30.04 £ 0.56 Ma

. - biotite, 87 B6
Granite (Erig6z) whole rock Rbf°sr 18.77 £ 0.19 Ma
Gneiss _ zircon *Pbf*Pb ~ 607-551 Ma
(Menderes Massif) evaporation
Gneiss zircon U-Pb isotopic 543 + 10 Ma
(Menderes Massif) dilution
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Table 2. Major, trace and rare earth element comjiims from the metagranite body of the
Menderes Massif

Sample 1271b 1285 1299 1313b 1340 1267 1312a 220 3314 222 1416
Si02 66,16 6534 6547 66,2 68,33 66,56 73,14  72,3969,07 69,31 72,14
Al203 16,21 15,34 16,19 16,38 16 16,09 14,17 14,78 16,04 1554 14,82
Fe203 4,02 5,8 4,31 3,8 3,54 3,94 1,26 2,13 201 053, 216
MgO 1,48 2,88 1,57 1,32 1,12 15 0,35 0,53 0,8 0,92 0,51
ca0o 3,79 15 3,73 3,73 3,68 3,65 1,51 1,83 282 921 194
Na20 3,16 3,21 3,06 3,28 3,33 3,14 2,74 3,32 407 1 3 345
K20 3,18 3,14 3,4 3,22 3,06 3,18 5,8 3,49 2,81 3,93 3,39
Tio2 0,46 0,95 0,5 0,42 0,37 0,44 0,14 0,27 0,34 350, 0,27
P205 0,27 0,24 0,3 0,24 0,19 0,27 0,24 0,05 018 320, 011
MnO 0,07 0,06 0,07 0,07 0,08 0,07 0,02 0,03 0,05 060, 0,02
Cr203 0,003 0011 0,001 <001 <.001 <.001 <.01<.001 0,001 <.001 <.001
Lol 0,9 1,4 11 1 0,1 0,9 0,5 1 0,7 1 1
total 99,87 99,94 99,88 99,85 99,92 99,89 99,97 939, 99,9 99,93 99,95
Ba 1514 585 1585 1681 1090 1417 894 1190 971 1417 1801
Sc 7 14 7 6 5 6 4 3 3 5 3
Co 6,1 12,4 6,6 5,1 5,1 5,6 1,2 2,3 3,1 45 2
Cs 5,7 39,5 3,6 3,9 4,9 46 4,2 2,7 4 5,7 2,2
Ga 20,5 24,3 20,1 21,3 19,1 20,4 16,6 20,2 19,9 922, 193

Hf 46 5,3 41 3,4 42 46 3,6 45 2,9 4,4 3,8
Nb 16,2 12,7 15,7 14,6 12,9 19,4 20,7 10,3 8,7 17,1 9,6

Rb 109 147 111 108 100 109 150 93 88 148 88,3
Sn 4 7 3 4 3 4 2 1 2 7 1

Sr 808 149 847 811 569 760 345 432 668 489 451
Ta 15 0,9 1,4 1,3 1,3 2,1 6,8 0,8 0,9 2,1 0,8
Th 21,2 8,6 13,3 16,9 16,9 12,6 14,7 15,4 8,4 254 16,3

u 7,3 2,4 3,3 2,2 3,8 5,7 6,1 2,1 3,2 42 4
v 58 124 62 52 35 55 12 12 28 30 13
zr 159 203 156 138 150 148 81 151 116 151 143
Y 25,1 31,7 18,5 20,7 22,4 36,3 33,9 10,7 10,1 233 145
La 61,6 32,5 39,4 63,4 46,9 36,7 19,4 44,3 31,7 661, 45

Ce 106 65,3 72,2 107 83,9 66,7 38,4 80,7 57,2 106 1,6 8
Pr 11,55 7,63 7,5 11,04 9,23 7,47 4,19 8,94 6,17 0411 8,97
Nd 40,9 30,2 27,1 37,8 35 26,3 15,1 33,2 24,5 39,8 32,7
Sm 7,7 6,6 5 6,3 5,9 6,1 43 6 4,9 7,8 6,4
Eu 1,47 1,47 11 1,21 1,26 1,34 0,81 1 0,78 1,17 990,
Gd 5,31 5,96 3,63 3,84 4,45 4,63 3,43 3,5 3,27 4,54 3,65
Tb 0,77 0,87 0,55 0,6 0,66 0,92 0,78 0,51 0,39 0,76 0,54
Dy 3,92 4,94 3,13 3,35 3,81 5,03 4,32 2,23 1,9 3,59 2,47
Ho 0,75 0,99 0,57 0,63 0,67 1,06 0,85 0,3 0,33 0,61 0,37
Er 2,27 2,74 1,69 1,82 1,83 2,97 2,61 0,57 067 217 1,06
Tm 0,31 0,42 0,27 0,29 0,32 0,46 0,41 0,1 0,13 0,28 0,19
Yb 2,35 2,9 1,76 1,99 1,93 3,34 3,35 0,58 0,7 1,68 0,84
Lu 0,37 0,43 0,27 0,27 0,32 0,46 0,47 0,07 0,08 402 0,09
Zn 48 69 51 162 43 47 15 33 37 43 33
Ni 2 38,2 2,7 2,2 17 2,7 0,6 18 1,8 1,9 2,1
(La/Yben | 18,8 8,0 16,1 22,9 17,4 7,9 4,2 54,8 325 26,3 38,4
(Gd/iYb)en | 1,9 1,7 17 1,6 1,9 11 0,8 5,0 3,9 22 63
Eu/Eu* 0,7 0,7 0,8 0,8 0,8 0,8 0,6 0,7 0,6 0,6 0,6
ASI 1,0 1,3 1,0 1,0 1,0 1,1 1,0 1,2 1,1 1,2 1,2

LOI:

Loss on Ignition; ASI (Alumina Saturation

Inde = molar [ALOs/(Na,0O+CaO+Kk0)];

[Eu/(Sm.*Gd.)°]; oxides are given in weight percentage, traceneles are in ppm.
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For Rb-Sr analyses, biotite (200-3(0th) and powdered whole rock were spiked witBoRb-
843y mixed tracer solution and dissolved in HF and®}C The ion exchange chromatography

procedure was applied for separating Rb and Sr ftmansample solutions. Rb and Sr isotope
analyses were carried out on a Finnigan MAT 262snsgectrometer. Sr was measured on a
single W filament with a Ta-HF activator and Rb waseasured in double filament

configuration. The NBS 987 Sr-standard yieldé%i78r/868r ratios of 0.710259 * 10. The input
error for age calculations is +1 %odo(2for the 8/RpA6sr ratio and +0.03 % @ for the

875,863y ratios. Regression lines were calculated byleast squares cubic method of York,
(1969) using the ISOPLOT software of Ludwig (1988).

For zircon evaporation (Kober, 1986), single zirgpains were embedded in a 0.7 mm wide Re-
filament and measured on double filament configonaton a Finnigan MAT 262 mass
spectrometer by dynamic ion counting mode in thesisquence of 206-207-208-204-206-207.
The age error on each temperature step is caldudateording to formula given in Siebel et al.
(2004) (Table 3). Details for the single zircon pewation technique can be found in Okay et al.
(1996), Chen et al. (2000), Siebel et al. (20083 Koralay et al. (2004).

Results
Geochemistry

Eleven representative samples from the metagrawiées analyzed. Major, trace and rare earth
element composition of metagranites are presentd@lole 2. The Si@ratios range from 65.34
% to 73.14 %, AlOs from 14.17 % to 16.38 %, CaO from 1.50 % to 3.79\%0O from 3.06 %

to 4.07 % and KO from 2.81 % to 5.80 %. Negative correlation b&wdiC,, MgO vs. SiQ
content are similar in metagranites and undeforgradites (Fig. 7), but the metagranites define
different (parallel) trends. Similarly, Ba, Rb and contents in metagranite samples are
remarkably different from the samples frorpri§6z and Koyunoba granites (Fig. 7). Although,
the undeformed granites are clearly I-type in rea{iékay, 2009), ASI values of most of samples
from metagranites indicate an S-type affinity (Teald). Chondrite- and primitive mantle-
normalized REE patterns of the metagranite and fomtded granites also indicate differences
between these magmatic bodies (Fig. 8). CompareithdoREE patterns of the undeformed
granites, the metagranites are more enriched Im taye earth elements (LREE) ([La/¥X5} 8-
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38.4), and less enriched in heavy rare earth elmm@REE) ([Gd/Yb}, = 0.8-5.0). Besides,
negative Eu anomalies observed in the undeformauitgs are not seen in the metagranites (0.6
< Eu/Eu* < 0.8 (Fig. 8).
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Fig. 7. Harker-type variation diagrams of the sangdl from the Erigbz and Koyunoba
granites and metagranites from the Menderes Massif.
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Fig. 8. (a) Chondrite- and (b) primordial mantle-nmalized REE patterns of Brigoz,
Koyunoba granites and metagranites. Normalized \eduare after Taylor and McLennan
(1985).

Geochronology

207 _ 206
PY  Pb zircon evaporation age data of a gneiss sampléJaPb isotopic dilution zircon data

from a gneiss and a metagranite from the MenderassN) the Erigbz and Koyunoba granites

are given in Tables 3, 4 and Figs. 9, 10. Transypaiecon grains free of inclusions and cracks
were chosen for analyses. Mineral composition @& theasured gneiss samples from the
Menderes Massif is characterized by the paragegesidz, K-feldspar, plagioclase, biotite and
muscovite. Biotite is rarely altered to chlorite tinis sample. The dated metagranite of the
Menderes Massif is mainly made up of quartz, K$pht, plagioclase, biotite and £ muscovite.
The analyzed grigoz and Koyunoba granites contain orthoclasegiptdase, quartz, biotite, and

hornblende with zircon, titanite as mainly accegsomerals.

Augen gneisgsample no. 729):.Dated colorless zircons present a homogeneousnatte

microstructure in CL images. Four subhedral, neprlgmatic and semi-rounded zircon grains

207 206 . . . 207 206
were selected for Pb/ Pb evaporation (Fig. 9a, b). The grains giveb/ Pb ages of 606.6 +
3.1 Ma (729-4), 565.3 + 3.6 Ma (729-1), 552.2 + Bla (729-3), and 551.1 + 4.6 Ma (729-2)
(Table 3).
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Table 3. Zircon evaporation data for a gneiss sampr29) of the Menderes Massif

Evaporation  No.

: - Mode of Mean value 2Pb/Pi*
Sample  Grain no & characteristics measurement temperature  of 207510 2%p)y age (Ma)
(c) scans i 9
ratios *2¢
1 63-125 pm, medium long, subround, prismati(fC dynamic 1400 114 0.058950 + 21 565.3 +3.6
yellowish ' ' - D
) 2 63-125 pm, medium long, subround, prismati(fC dynamic 1420 114 0.058568 + 27 551.1+4.7

Gneiss  brownish ’ ' B D
(729)

8 = 63-125 um, medium long, subround, prismatiGe 4 namic 1420 418 0.058596+17 552.2+3.0

yellowish ! ' - e

4 = 63-125 pum, medium long, subround, prismatiGe g omic 1400 304  0.060081+18 606.6+3.1

yellowish

Error calculation formula is below:

Nage= [[\2/%)2 +Af 2]

(n): number of®Pb?°Pb isotope ratio scans;o(2 the 2sigma standard error of the Gausian digioh function of?*’Pb°Pb
ratios; (Af ): an assumed error of 0.1% which includes potentias ltaused by mass fractionation of Pb isotopes and
uncertainty in linearity of the multiplier signal

Augen gneisgsample no. 739):Prismatic, sub-idiomorphic, long and thick ziroaystals from
the augen gneiss show well-defined oscillatory zgrtypical of magmatic zircon (Fig. 9c, d).
Five zircon fractions define a discordia and regjas of these data points, anchored at the
origin, yields an upper intercept age of 543 + 18 (MISWD=2.9) and a lower intercept age of -
36 = 28 Ma which might be attributed to Pb-losgy(RiOa). It should be noted that Koralay et al.
(2004) obtained zircon evaporation ages betweerb200Ma from augen gneisses of the central
Menderes Massif and Gessner et al. (2004) repat&dPb/°%Pb zircon evaporation age of

547.2 + 1.0 Ma from metagranites of the southermdéees Massif.

Metagranite (sample no. 737A)Zircon grains from the metagranite in the Menderes
metamorphic rocks show clear prismatic morphologpd aoscillatory zonation in
cathodoluminescence (CL) images and inherited i@npagmatic) cores are absent (Figs. 9e, f).
Six zircon fractions from this sample were analybgdhe U-Pb isotopic dilution method (Table
3). Three zircon fractions plot close to the cod@rcurve at 30 Ma, but two of them are slightly
discordant. All fractions define a discordia witthoaver intercept age of 30.04 £ 0.56 Ma and an
upper intercept age of 1.8 Ga (MSWD=2.9). The upptarcept age is mainly defined by one
fraction. Excluding the youngest zircon fractiorhigh is expected to have suffered some lead
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loss (Fig. 10b, c), the other four fractions yiatldage of 30.28 + 0.24 Ma which is still identical,
within error limits, with the age of the total datet. This age is interpreted as the crystallipatio

age of metagranite (Fig. 10D, c).

Egrigoz and Koyunoba granites (sample no. 1212, 12Tigted zircon grains have well-
preserved euhedral transparent to translucentatsyst various sizes. CL images exclusively
show oscillatory zoning typical for magmatic zirsoand no sign of inheritance in CL images
(Fig. 9g-j). Nine zircon fractions from thegfg6z granite and five from the Koyunoba were
selected for U-Pb isotope analyses (Fig. 10e-gjera&h All zircon fractions of the &igoz
granite (1212) plot along a discordia line withoavér intercept age of 19.3 = 4.4 Ma and an
upper intercept age of 562 + 72 Ma (Fig. 10f), Wmth a high MSWD value (ca. 33). However,
the lower intercept age is almost identical to élge of the youngest concordant zircon fraction
(ca. 19 Ma) and this allows us to assume thatages is close to the crystallization age of the
Egrigoz granite. Similarly, a lower intercept age2df.7 + 1.0 Ma and an upper intercept age of
556 + 93 Ma (MSWD=0.48) were obtained from fivecmin fractions of the Koyunoba granite
(Fig. 10d, e). The lower intercept age is interpdeas the crystallization age of the Koyunoba
granite at about 22 Ma. The upper intercept agethede granites (562 £ 72 Ma; 556 + 93

207 206
Ma) show close similarity with the U-Pb zircon agfgg. 10a) and Pb/ Pb ages of the
gneisses of the Menderes Massif (Table 4) suggedtiat the magma of thegkg6z and

Koyunoba granites were derived from similar sources

Rb-Sr data

8’RbPsr (biotite-whole rock) data were obtained from Bgeigdz granite (1212) and the results
are given in Table 5. Biotite contains 1113.1 ppnaRd 5.85 ppm Sr (Table 5). Whole rock and
biotite from the Brigéz granite define an isochron age of 18.77 190Ma (Table 5). The

closure temperature interval for Sr-diffusion iwtite is estimated as 350 - 48D (Jenkin et al.,
2001; Giletti, 1991) and the biotite-whole rock adetermined here, most likely represents the
cooling age of the gigbz granite through this temperature interval.
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Table 4. U-Pb isotopic data from gneiss (739), nggtite (737A), Erigdz granite (1212) and Koyunoba granite (1211).

Atomic ratios

Mean ages (Ma)

Sample
2%Pp%Pb U (ppm)  Pb*(ppm) 20%ppx/20%ppx  20%Ppx/23y  2ppx/2Yy 20pp*/2%%Pp 20%p*/23%y  2PpX/Py 20Pp*/%Ph*
Gneiss
739-1Y 5856 1138.2 50.5 0.05 0.04645 + 26 0.37820 + 36 0.05904 + 47 292.7 325.7 568.7
739-2Y 6790 1018.3 42.2 0.07 0.04256 + 22 0.34612 + 33 0.05898 + 46 268.6 301.8 566.5
739-3Y 6896 1062.5 67 0.04 0.06691 = 35 0.54382 + 40 0.05897 + 31 4175 440.9 565.1
739-5 11620 727.7 39.5 0.03 0.05757 = 30 0.46524 = 26 0.05860 = 12 360.8 387.9 552.6
739-6 4578 456.7 54.7 0.02 0.12934 + 08 1.03575 + 06 0.05807 + 06 784.1 721.8 532.6
Metagranite
737A-1 220770 2542 12 0.10 0.00472 + 29 0.03042 + 44 0.04665 + 60 30.4 30.4 31.7
737A-2 246360 1523 7.4 0.16 0.00491 =45 0.03321 £113 0.04903 = 115 315 33.1 149.6
737A-4 78394 1734 8.3 0.10 0.00486 = 37 0.03301 =87 0.04921 12 31.2 32.9 157.9
737A-6 105040 1368 6.2 0.10 0.00460 = 33 0.02997 = 77 0.04722 £ 11 29.6 29.9 60.7
737A-8 93907 2098 17.7 0.07 0.00859 * 65 0.08857 = 13 0.07477 9 55.1 86.1 1062.3
737A-9 62134 2098 9.7 0.09 0.00469 * 29 0.03016 * 67 0.04663 = 97 30.1 30.1 30.5
Egrigoz granite
1212-1 80838 1996 6.4 0.08 0.00324 + 18 0.02132 + 22 0.04652 + 40 21.3 21.4 249
1212-2 56176 2908 12.7 0.11 0.00425 + 32 0.03051 +77 0.05207 £ 12 27.3 30.5 288.5
1212-3 62044 3317 13.1 0.11 0.00397 + 22 0.02549 +31 0.04654 + 49 25.5 25.5 26.1
1212-6 36961 6829 110.2 0.21 0.01473 £ 85 0.11525 + 86 0.05671 +25 94.7 110.9 481.4
1212-7 93409 1996 6.4 0.08 0.03049 = 32 0.02116 =63 0.04645 = 12 21.2 21.2 21.3
1212-8 43564 2226 10.2 0.08 0.00474 £30 0.03225 + 63 0.04933 =90 30.4 32.2 163.9
1212-9 63719 1554 6.5 0.11 0.00419 * 26 0.02937 £ 42 0.05076 = 65 27 29.4 229.9
1212-10 49535 1854 53 0.10 0.00291 + 18 0.01867 + 65 0.04641 + 156 18.7 18.7 19.3
Koyunoba granite
1211-1 24832 548.5 28 0.05 0.00382 =45 0.02450 * 155 0.04652 = 28 24.5 24.9 64.3
1211-2 40420 1146.3 3.9 0.07 0.00349 = 20 0.02204 = 41 0.04648 = 80 22.1 22.2 34.6
1211-3 27047 812.2 26 0.08 0.00336 + 40 0.02157 + 138 0.04648 + 28 21.6 22.5 121.2
1211-4 62252 100.4 1.1 0.05 0.01186 + 63 0.09540 + 74 0.05829 +31 75.9 88.4 442.6
1211-5 20868 893.2 27 0.08 0.00321 +25 0.02059 + 78 0.04642 + 17 20.5 20.5 22.5
1211-6 6713 2145 0.79 0.13 0.00366 +42 0.02372 + 25 0.04692 + 48 23.5 23.6 33

All errors quoted are®absolute uncertanities and refer to the last digit
*radiogenic; grain size varies from 80-180 pm



(729) -Gneiss, Menderes Massify  (739) -Gneiss, Menderes Massif-

(737A) -Metagranite, Menderes (1211) —Koyunoba
Massit aranite-

Fig. 9. Cathodoluminescence images of zircon graiinem (a-b) augen gneiss (729), (c-d)
augen gneiss (739) (e-f) metagranite (737A), (gKkgyunoba granite (1211), (i-j) BErigoz
granite (1212). All zircon grains are prismatic, immorphic and show magmatic zonation.

Discussion

Two emplacement models exist for the early Miocgnanites of the northern Menderes
Massif. One model suggests that the granites weriatl from melting of an abnormally
thickened crust during a compressional tectonidmreg(Geng, 1998; Altunkaynak and
Yilmaz, 1998; Karacik and Yilmaz, 1998; Yilmaz, I9¥1imaz et al., 2001). An alternative
model suggests that the granites emplaced syn-latiegtly in the footwall of an extensional
detachment fault Ik and Tekeli, 2001;slk et al., 2004; Seyifu et al., 2004; Ring and
Collins, 2005; Thomson and Ring, 2006). Since simAr/Ar ages were obtained for the
undeformed granites and the surrounding metagsarihe metagranites were suggested to be
the mylonitized upper parts of the undeformed dgmarplutons and this suggestion has
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become one of the strongest evidence for the miginl of a regional detachment fault
separating the Menderes metamorphic rocks fronoteelying tectono-stratigraphic units in
NW Anatolia.
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Fig. 10. U-Pb concordia diagram for (a) augen gnei§739) five zircon fractions define a
discordia line with an upper intercept age of 54310 ma, (b-c) metagranite (737a). Five
zircon fractions define a discordia line with a le@w intercept age of 30.04 + 0.56 ma, (d-e)
egrigbz granite (1212). Lower discordia line intercepat 19.3 + 4.4 ma, (f-g) koyunoba
granite (1211). Four zircon fractions give a welletined lower discordia intercept age of
21.7 £ 1.0 ma. For sample locations, see fig. 2a.
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Table 5.8’RbP®Sr data for whole-rock and biotite from a sample tfe Egrigdz granite
(1212) (m: measured; i: initial ratio)

Sample Rb (ppm) Sr(ppm) %RbA%Sr  #'Srfsr(m)  8'Sr/Sr (i) Age (Ma)

whole rock 225.7 235.7 2.77 0.710543 + 10

biotite 1113.1 5.85 558.24 0.858593+07 0.70981+ 18.77+0.19

The new U-Pb age data, presented in this stude, giga. 10 Ma age difference between the
crystallization age of the undeformed granites3®94.4 Ma; 21.7 £ 1.0 Ma) and the hosting
metagranites (30.04 + 0.56 Ma) (Fig. 10). Besideatlos and Cemen (2005) presented
monazite ages of ~ 29-28 Ma from gneisses of thed€&d Massif indicating that
metamorphism and the intrusion of the metagrangecksely related in time. In addition to
the new age data, the metagranites in the Simawnrdgpar geochemical features of S-type
granites (Table 2) whereas thgrig6z and Koyunoba granites are clearly I-type atune.
The S-type nature is also characteristic for met@iggs and gneissic granites in other parts of
the Menderes Massif (Bozkurt et al., 1995; Koratawl., 2004), whereas other undeformed
plutons of NW Anatolia (Ezine, Evciler, Kozak, Am, Baklan) (Fig. 1) are exclusively I-

type in nature.

Several well-studied early Miocene granites havenb&uggested to represent shallow-seated
intrusions (Geng, 1998; Karacik and Yiimaz, 1998umkaynak and Yilmaz, 1999; Hastzbek
et al., 2009). The gigdz and Koyunoba granites show similar geologarad mineralogical
features and are identical in ages with the othéops from the Miocene magmatic belt. Our
Rb-Sr biotite age (18.77 + 0.19 Ma) and the U-Rbar ages (21-19 Ma) suggest that the
metagranites and gneisses were already cold ddnegemplacement of thegkg6z and
Koyunoba granites. Change from microgranitic torsen holocrystalline texture from the
periphery to the centre, large amount of xenolitbsn the country rocks along the contact,
presence of roof structure in the central part @idbz pluton may indicate a shallow crustal
emplacement and rapid cooling (during approximaglyy Ma). The contact metamorphic
mineral association around thgri§6z granite also suggests a shallow crustal ecepi@nt
depth (Albayrak, 2003). Al-in-hornblende barometeyried out on the Alagam granite which
is westward continuation of thegiig6z and Koyunoba granites (Hast6zbek et al., gppr
indicates 3-6 km depth of emplacement. Ductile belnarelated to a detachment fault
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causing mylonitic deformation at the periphery afdaformed granites, would not be

expected in such a relatively cold shallow envirenin

The data, presented above, indicate that the naetiigs and the undeformediri6z and
Koyunoba granites are not genetically related thesther. The close correspondence of the
Ar-Ar muscovite ages obtained from the metagrani&%86 = 0.47 Ma) and undeformed

Egrigoz granite (20.19 + 0.28 Ma)s(k et al., 2004), however, does not support this

conclusion. If the temperature was above 350 -A5Q@Giletti, 1991 and Jenkin et al., 2001)

the Miocene granite intrusions might have resetntiea ages of the metagranites. Given the

high closure temperature for Pb in zircon, (90BA8C, Cherniak and Watson, 2001), the U-

Pb zircon age (30.04 = 0.56 Ma) more likely refieitte crystallization age of the metagranite.

Bozkurt et al. (2007) and Bozkurt et al. (in rev)dvave been recently presented Rb-Sr ages
for brown and green biotite of 14-12 Ma from thelf surface south of Simav. These authors
suggest that the so-called Simav detachment faast active during late Miocene time. The
mica ages would imply that thegig6z and Koyunoba granites predate fault actiabd

were not synkinematically emplaced along this fault

Conclusions

In the light of our new data, the following concluss can be drawn;

Along the northern margin of the Menderes Mass#tlye Miocene I-type, calc-alkaline
granites (Egrigoz and Koyunoba) and their subvolcanic-volcadaivalents form a NW-SE-
trending magmatic belt that stitches different is@h-related tectono-stratigraphic units of

the Menderes Massif, the Afyon Zone and the tectoantact between these units.

A previously suggested genetic relation betweenetridy Miocene granites and the hosting

metagranite is inconsistent with our geochemicdl ggochronological data.

The Birigoz and Koyunoba granites crystallized about 22Ma ago and cooled down
rapidly (18.77 £ 0.19 Ma) below the Rb-Sr biotitesure temperature.
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207 206
Pb/ Pb zircon evaporation ages (607-551 Ma) and a @iebn age (543 + 10 Ma) from

Menderes gneisses closely agree with U-Pb uppercept ages (562 + 72 Ma; 556 + 93 Ma)
of zircons from the Erig6z and Koyunoba granites suggesting that the gvamites were

either derived from, or experienced significanttemmnation from the Menderes Massif.

207 206
Besides, our new Pb/ Pb evaporation data and U-Pb zircon ages givehisnstudy from
Simav region are identical with previous radiogeage data from the gneissic rocks of the

Menderes Massif.

U-Pb zircon ages imply ca. 10 age difference betvike undeformed gigoz and Koyunoba
granite and the metagranites. Thus, the metagsaait not the sheared equivalents of the
undeformed granites. More likely, they represengmmatic bodies metamorphosed during the

main Menderes metamorphism.

Granite emplacement gEgoz and Koyunoba) related to a low angle detactirfeault is not

supported by our new geochronological and geocledrdata.
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Abstract

The Alagcam region of NW Turkey lies within the Afgi collision zone between the Sakarya
continent and the Menderes platform. Four diffeteictonic zones of these two continents
form imbricated nappe packages, intruded by thecaia granite. Newly determined U-Pb
zircon ages of this granite are 20.0 £ 1.4 Ma ab@ 2 3.3 Ma, indicating an early Miocene
emplacement. Rb-Sr biotite ages of the granite2@1 + 0.20 Ma and 20.17 + 0.20 Ma,
suggesting fast cooling at a shallow crustal le@dochemical characteristics show that the
Alacam granite is similar to numerous EW-trendihgigns of NW Anatolia.

Gneissic granites of the Afyon tectonic zone waurk lty the Miocene Alacam granite and
have been interpreted in earlier studies as tharsteparts of the Alagam granite which
formed along a crustal-scale detachment zone umdensional regime. We determined a U-
Pb zircon age of 314.9 + 2.7 Ma from a gneissicniggasample of the Afyon Zone
demonstrating that these rocks have no genetitaelaith the Miocene Alacam granite. The
Early Miocene granitic plutons bear post-collisibgaochemical features and are interpreted
as products of Alpine-type magmatism along bthair-Ankara Suture Zone in NW Turkey

and seem to have no genetic relation to the detachrone.

Keywords: Alacam granite, U-Pb zircon age, Rb-Sr biotite agg@jd cooling, Northwest
Anatolia
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Introduction

The main post-collisional eastern Mediterraneagnetic belt evolved from the Eocene to
the Quaternary and has been addressed in numeapasspFytikagt al. 1984; Yilmaz 1990;
Aldanmazet al 2000; Pe-Piper and Piper 2006; Akay and Eatho2004; Altunkaynak and
Dilek 2006; Dilek and Altunkaynak 2007, 2009; Aka§09). The general evolution for the
generation of this post-collisional magmatism idlvd®cumented and most of the authors
suggest a large magmatic arc with arc migratiothéosouth to its recent position (Jolievet

and Brun 2008 and references therein).

During and after the closure of the Neo-Tethyan &dcand progressive collision of the
Tauride-Anatolide Platform with the Sakarya Contihavidespread post-collisional, alpine-
type magmatism formed in the eastern Mediterranéd@arNW Anatolia, this magmatism
comprises associated subvolcanic and plutonic réakaing a NW trending belt (Fig. 1)
(Bingol et al. 1982; Ercaret al. 1984; Harriset al. 1994; Seyitglu and Scott 1992; Gen¢ and
Yilmaz 1997; Geng 1998; Karacik and Yilmaz 1998uAkaynak and Yilmaz 1998 1999;
Delaloye and Bing6l 2000; Okay and Satir 2000; Aldazet al. 2000; Seyitglu et al. 2004;
Yilmaz et al. 2001; Okay and Satir 2006; Kara@&kal. 2008; Altunkaynak 2007; Dilek and
Altunkaynak 2007; Ozgenc and llbeyli 2008; Akay020 Dilek and Altunkaynak 2009;
Boztug et al. 2009; Hasozbekt al. 2009a).

The exact emplacement mode of the Eocene and Meoceagmatic associations with
volcanic suites along the area is still questiomahle to complex geodynamic evolution of
the belt. Early Eocene continent collision in NWalalia and the Marmara region caused a
pronounced sub-alkaline, medium to high K magmat{gtunkaynak 2004; Harrigt al
1995; Delaloye and Bingol 2000; Okay and Satir 2@é€n¢ and Yilmaz 1997; Karacek al
2009). This compression was followed by widesprBa8 extension with the products of
Oligo-Miocene magmatism with extrusive counterpardé the same composition
(Altunkaynak and Yilmaz 1998; Yilmaa al 2000; Altunkaynak and Dilek 2006; Akay 2009
and references therein). Recently, some granitmfidisis region (grigdz, Koyunoba, Evciler)
have been interpreted as syn-kinematic granitoitplaced in a north-dipping regional
detachment zone sfk and Tekeli 2001;slk et al. 2004 Okay and Satir 2000) and this
emplacement model was used as evidence for a ithiosphere and existence of core
complexes in NW Anatolia (Menderes Massif, Kazdi#assif) (Okay and Satir 200G K et
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al. 2005; Ring and Collins 2005). In this model, defed country rocks surrounding the
undeformed granites have considered as the myteditupper part of the granitesikl and
Tekeli 2001; $1k et al. 2004; Okay and Satir 2000). However, geological, petrc@gand
geochronological data of two important early Miogemagmatic bodies @Egoz and
Koyunoba granites) contradict this interpretatigkkgy 2009; Hast6zbek et. al. 2009a).
Although numerous geochronological data are auaildlom the undeformed Miocene
granites in NW AnatoligBingol et al. 1982; Delaloye and Bingtl 200Gk et al. 2004; Ring
and Collins 2005; Thomson and Ring 2006; Okaxl. 2008), limited studies focused on the
guestion whether the surrounding mylonitized roaies co-genetic with the undeformed parts
of these granites or not. Our study area is locatedg the northern Menderes Massif (SE
Balikesir) where the early Miocene magmatic assioria show clear contact relations with
the basement rocks of the Anatolide-Tauride platfo(Fig 1). Here we present new
geochemical and geochronological data from the atacgranite, related stocks and
associated gneissic granite of the Afyon Zone. €aia imply that the undeformed granite is
not genetically related to the surrounding metarniorpocks of the Menderes Massif and the
Afyon Zone.
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Figure 1. Simplified geological map of western Amdin and location of the study area.
Modified after Geng, (1998), Okay et al., (1996)k&y and Satir, (2000), Gurer et. al (2009)
(Gr: granite).
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The overall aims of this study are: a) providinglggical features and radiometric age
relations between the Alacam granite and basemmaitd of the Menderes Massif and the
Afyon Zone, b) discussing the controversial tectamgmatic evolution models of the region,
and c) unveiling the nature of the Early Miocenggmatism during and after the collision of

the Sakarya Continent and Anatolide-Tauride Platfor

Geological setting

In the study area, early Miocene Alacam granite @sdrelated stock intruded into the
Menderes Massif, Afyon Zone and Bornova Flysch Z(@figs 1, 2). The Menderes Massif
forms the structurally lowest unit (Fig. 2) andrepresented by a high-to-medium grade
metapelite association (staurolite-kyanite-sillim@nzone (Konak 1982). Garnet-bearing
biotite-muscovite schists and quartz-mica schistwidate the upper parts of the metapelite
rocks. A meta-ophiolitic nappe complex, litholodigaesembling the late Cretaceous Selcuk
Formation of Gungdr and Erdan (2001; 2002) and consisting of metagabbros aeth-m
ultramafic rocks, tectonically overlay the Mendenestamorphics. The meta-ophiolitic nappe
complex is in turn tectonically overlain by low geametamorphic rocks of the Afyon Zone in
the study area (Okay 1984; Okatyal. 1996) which comprises, from bottom to top, gneissi
granites, metapelites, metarhyolites and recryzgalllimestones. In the study area, the rock
associations of the Afyon Zone define a typicalegrschist facies assemblage composed of
albite, muscovite and chlorite (Konak 1982). Howew¢P-LT (Fe-Mg carpholite) rocks of
this zone are also known around Afyon city (Candaral. 2005). In the study area, well
foliated gneissic granites of the Afyon Zone whete characterized by quartz, orthoclase,
muscovite and minor amounts of biotite form the dovpart of this unit (Fig. 3a, b). A
primary granitic texture is well preserved in themeks (Fig. 3b). The metamagmatic
(gneissic granite) and metadetrital lower parthaf Afyon Zone is graditionally overlain by a
platform type carbonate succession. The Afyon Zeeguence is tectonically overlain by a
non-metamorphic ophiolitic melange of the Late &cebus- Late Oligocene Bornova Flysch
Zone (Okay 1984; Erdmn 1990; Okagt al. 1996). These slices are composed dominantly of
slightly deformed and cleaved light brownish mudst® and sandstones. Lenses of
serpentinites, blocks of ultramafic rocks and platf limestones are preserved inside the

brittly deformed matrix.
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The Menderes Massif, meta-ophiolitic nappe compl@ékyon Zone and the ophiolitic
melange of the Bornova Flysch Zone are all obliguet by the Alagcam granite along steeply
dipping contacts (Figs. 2, 5, 6a, b). The Alacaangde is a NW-SE elongated body, 15 to 4
km in diameter, and crops out in the Alagcam MourgdFigs. 1, 2). The mineral assemblage
of the Alacam granite and its related stocks isrtguglagioclase, orthoclase, hornblende,
biotite and accessory minerals (zircon, titanitd apatite) (Figs. 4a, b, c). At the margin of
the Alacam granite, the texture is fine grained (00.3 mm) (Fig. 4a) and towards the centre
it becomes holocrystalline and coarser grained{0.86 mm) (Figs. 4b, c).
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Figure 2. Geological map of the study area
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In the east of the Alagam Mountains around Kul#age, the intrusive relation between the
Alacam granite and the high grade metamorphic rawfkshe Menderes Massif are well
exposed (Fig. 5). Small individual Alagcam grangtocks (AS-1, AS-2, AS-3) accompany the
main granite body in the northwestern part of tHacAm Mountains (Fig. 2) and these
Alacam stocks crosscut the foliation planes of ¢bentry rocks and contain xenoliths of
rocks from the Afyon Zone (Figs. 6a, b). The Alaggranite also intruded into the uppermost
tectonic unit of the nappe package and producezhtact aureole within the ophiolitic rocks
of the Bornova Flysch Zone along its northern contihe Alagam granite and its host rock
association are overlain unconformably by Middleggip Miocene continental-lacustrine

sedimenantary rocks, and an andesitic volcanicesemualong a peneplained surface (Fig. 2).

RN € | angnn VR

Figure 3. (a-b) Thin section views of the gneisgjanite with preserved granitic texture in
the Afyon Zone (Kf: K-feldspar, qu: quartz, bi: bite, mu: muscovite, F: foliation; long
side of the photographs are 1.6 cm)

Analytical techniques

Major, trace and rare earth elements of ten sanffesthe main body of the Alagam granite
and additionally ten samples from the Alacam grarstocks (NW of the Alacam granite)
were chosen for geochemical analyses. The analyses carried out in Acme Analytical
Laboratories Ltd (Vancouver-Canada) by ICP-AES (ibttvely Coupled Plasma Atomic
Emission Spectrometry), and ICP-MS (Inductively @led Plasma Mass Spectrometry).
Zircon separation by sieving, wet shaking tablegnedic separator, and heavy liquids was
performed at the Dokuz Eylil University immir (Turkey). Zircons from the gneissic granite

of the Afyon Zone and from the Alacam granite withrelated stock were analyzed by U-Pb

54



isotope dilution method on a Finnigan MAT 262 maggctrometer in the University of
Tlbingen (Table 2).

g

v
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‘biqtite-muscovite
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Figure 4. Cross section from the eastern part oetiAlacam granite and field photographs
showing the intrusive contact between the Alacamamgjite and high-grade metamorphic
rocks of the Menderes massif.

Details of the analytical techniques are given ireet al. (2000; 2002) and Okay and Satir
(2006). Zircon grains were prepared for cathodohescence images in the SEM laboratory
of the Geosciences Faculty, Tubingen. For Rb-Sryases, biotite (200-30Qum) and

powdered whole rock samples were spiked witPRb-84Sr mixed tracer and dissolved in
HF and HCIQ: The ion exchange chromatography procedure waseapfr separating Rb

and Sr from the samples solutions. Rb and Sr isotogalyses were also carried out on a
Finnigan MAT 262 mass spectrometer. Details of thethod can be found in Okay and Satir
(2006). Regression lines were calculated by thstlequares cubic method of York (1969)
using the ISOPLOT software of Ludwig (2003).
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Figure 5. Cross section from the NW Alagam Mountairand field photographs showing
the intrusive contact between the Alacam granitecks and low grade metamorphic rocks
of the Afyon Zone. (a) Stock of the Alacam granitatting the metadetrital sequence of the
Afyon Zone, (b) crosscutting relationship betweernet Alagam granite stock and
metadetrital sequence of the Afyon Zone with gnaisgranite xenoliths from the Afyon
Zone preserved in the Alagam granite stock.
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Figure 6. Thin section views and textural differeas of the Alacam granite from edge to
center (a) fine-grained holocrystalline texture, {& coarse-grained holocrystalline texture
(Kf: K-feldspar, qu: quartz, pl: plagioclase, bi:ittite; long side of the photographs are 1.6
cm)

Geochemistry

Major, trace and rare earth element compositiothefsamples from the Alacam granite and
accompanying stocks are given in Table 1. In tlassification diagram of SiOvs (NaO +
K20) (Cox et al. 1979)the majority of the samples plot in granite field ambtsamples show
granodiorite composition (Fig. 7a). Mostly granitmcks of the Alacam granite plot in the
peraluminous field but only few samples plot on tkeparation line between the
metaluminous and peraluminous fields in A / NK v BNK diagram of Shand (1947) (Fig.
7b). In an AFM diagram, the samples display a e#teline nature (Fig. 8a) and according to
their A/ CNK < 1.1 values, they are all I-type gitas (Fig. 7b) which is common in most of
the Oligo-Miocene granitic suites of western An@qKozak, Evciler, Kestanbol, gagoz

and
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Table 1.Major, trace and rare earth element compositiontbe Alacam granite and related

ALACAM GRANITE RELATED STOCKS
Sample 604 583 422 569 505 550 567 589 554 620 175h176 179 185 187 189 196 198 209 217¢c5
Sio2 69.47  69.76 69.54 66.56 69.57 69.99 268. 67.95 68.30 7029 76.62 69.1 69.86 67.95 68.170.8 66.59 68.72 69.52 75.26
Al203 15.06  15.27 14.86 15.95 15.01 14.88 .525 15.58 15.36 1479 1295 1536 15.16 15.78 .7915 15.01 15.85 1544 1521 13.16
Fe203 3.01 2.46 3.03 3.48 2.88 3.03 3.36 463. 3.24 2.97 0.89 2.9 2.68 3.16 3.34 2.47 4.2 93.3 3.38 14
MgO 0.90 0.71 0.94 1.07 0.98 1.00 0.99 1.08 1.02 0.86 0.21 1.22 1.02 13 1.35 0.89 1.65 1.290.96 0.37
CaO 2.31 2.76 2.21 3.16 2.25 2.29 2.72 2.722.88 2.24 0.79 2.56 2.58 3.29 3.35 2.47 402 834 3 1.15
Na20 3.34 3.67 3.29 3.35 3.23 3.38 3.61 33.7 361 3.44 3.04 6.17 3.29 3.43 3.27 3.39 3.23 173. 3.45 3.4
K20 4.41 3.84 4.19 3.27 4.49 4.13 4.35 3.88 3.30 4.12 4.77 0.85 3.91 3.41 3.43 4.11 3.08 83.1 3.33 4.78
TiO2 0.43 0.34 0.43 0.50 0.40 0.41 0.40 80.4 047 0.41 0.11 0.41 0.35 0.41 0.42 0.35 0.54 430. 0.37 0.2
P205 0.109 0.115 0.148 0.176 0.154 0.131 340.1 0.151 0.156 0.143 0.03 0.14 0.14 0.15 0.15 130. 0.16 0.13 0.11 0.05
MnO 0.06 0.05 0.06 0.06 0.06 0.06 0.06 0.07 0.06 0.06 0.02 0.06 0.05 0.05 0.07 0.05 0.08 70.0 0.06 0.04
Cr203 0.004 <0.002 <0.002 <0.002 <0.002 <0.002 0GD. <0.002 <0.002 <0.002 0.001 0.001 0.001 0.0010010. 0.001 0.002 0.001 0.002 0.001
LOI 0.6 0.8 11 2.1 0.8 0.5 0.4 0.7 15 50 04 11 0.7 0.8 0.4 0.2 0.5 0.6 0.5 0.2
Sum 99.7 99.78 99.8 99.68 99.8 99.81 99.8109.79 99.87 99.82 99.83 99.87 99.74 99.72 99.739.87@ 99.9 99.89 99.89 100
Ba 1108 844 874 1331 929 767 860 899 800 885 624 4 84 832 931 954 941 696 723 819 289
Be 2 3 4 4 4 3 4 4 3 4 4 5 4 3 5 4 5 4 5 4
Co 40.9 63.1 100.8 31.2 38.8 78.5 71.4 90.091.1 99.1 29.9 29.9 51.1 51.4 45.1 53.7 43.1 734. 359 57.5
Cs 8.2 7.0 6.1 4.4 4.6 6.1 9.1 8.0 4.1 611 53 18 3.9 4.6 4.6 4.5 4.2 35 3 6.2
Ga 12.7 16.3 171 175 15.9 16.9 16.8 16.916.2 16.4 12.7 17.6 16.1 171 17.6 16.8 17.7 17.319.2 15.7
Hf 4.6 4.7 5.2 6.3 5.9 4.7 5.1 5.8 5.6 25 35 4.8 4.7 4.3 5 5 4.4 4.3 5.7 4.1
Nb 15.8 11.7 14.4 13.3 15.0 13.3 14.5 149 13.1 14.8 14.9 15.4 13.3 14.6 12.8 14.3 11.1 11.311.9 14.4
Rb 151.1 141.7 160.4 86.3 164.0 163.8 184.9169.4 109.2 188.9 168.3 43.2 1354 1442 133.645.3 119.6 1144 1241 2145
Sn 4 2 4 3 2 4 7 3 3 5 1 3 3 3 3 2 3 2 2 2
Sr 298 290 266 3901 260 254 276 288 319 261 119 338317 402 406 344 357 330 310 107
Ta 21 1.2 14 1.2 1.8 1.4 1.7 18 10 12 21 2.3 15 1.4 13 1.7 11 13 1.2 2.1
Th 28.0 26.2 27.6 48.6 24.2 22.0 30.6 22.3 279 25.3 21.9 16.6 16.8 15 10.7 20.1 9.3 164 314 31.2
U 6.0 6.2 8.5 111 6.4 6.4 7.9 5.9 7.4 08 49 9.7 8.3 7.3 55 7.1 3.4 4.3 3.4 8.3
\ 42 33 43 52 41 40 48 49 48 41 6 42 36 43 49 30 60 47 31 15
\W 335.6  465.0 809.8 194.0 297.3 610.2 517.%656.5 729.3 921.8 340 306 505 528 500 598 432 5 35 392 632
Zr 177.3 1512 165.4 222.2 198.8 156.5 165.2184.5 183.5 171.4 65 144 128 145 153 131 128 5 12 178 105
Y 21.1 21.2 24.5 25.7 24.2 22.1 29.3 33.0 23.5 27.9 25 33 23 23 22 25 25 21 29 26
La 47.1 38.3 35.6 64.4 40.3 34.4 46.5 38.5 34.3 40.1 24 37 32 35 27 46 25 29 45 24
Ce 84.0 719 67.3 112.6 75.2 63.5 87.2 71.863.1 73.6 45 72 63 69 53 90 52 59 94 49
Pr 9.11 8.01 7.66 11.94 8.36 7.05 9.65 8.217.12 8.25 5.3 7.7 6.8 7.1 5.5 8.7 5.6 6.3 101 3 5
Nd 29.8 29.6 27.2 41.6 30.3 25.4 35.2 30.3 25.7 29.4 19 28 24 26 20 31 21 23 36 22
Sm 5.24 4.80 5.05 6.33 5.33 4.69 5.95 5.56 4.81 5.48 4 6 5 5 4 5 5 5 6 4
Eu 1.02 0.99 0.94 1.22 0.88 0.89 0.95 1.01 1.00 0.90 0.54 1.06 0.94 1 0.95 0.87 1.05 1 1.110.52
Gd 3.52 4.02 4.63 4.98 441 4.02 4.92 5.154.19 4.52 3.3 4.9 3.8 3.9 3.7 4.2 4.1 3.7 4.9 3.6
Dy 3.20 3.59 4.25 4.51 4.05 3.80 4.90 5.11 3.79 4.58 0.66 0.84 0.68 0.69 0.64 0.66 0.71 0.610.82 0.68
Tb 0.66 0.65 0.74 0.79 0.76 0.65 0.82 0.91 0.68 0.78 3.64 5.01 3.9 3.81 3.6 3.67 3.82 332 564 4
Ho 0.71 0.68 0.82 0.85 0.81 0.71 0.91 1.03 0.71 0.86 0.77 1.01 0.78 0.71 0.73 0.74 0.77 0.690.91 0.83
Er 2.05 2.03 241 2.47 231 2.16 2.75 3.06 2.12 2.66 2.27 2.9 2.07 2.39 2.08 2.19 2.21 2 52.6 2.53
Tm 0.33 0.34 0.39 0.41 0.39 0.34 0.46 0.52 0.35 0.45 0.39 0.44 0.32 0.36 0.31 0.38 0.33 0.310.43 0.42
Yb 2.05 2.18 2.54 2.72 2.61 2.24 3.02 3.27 2.15 3.09 2.57 2.91 1.98 2.35 2.07 2.19 2.14 1.9 2.65 2.84
Lu 0.30 0.32 0.38 0.42 0.38 0.35 0.46 0.48 0.33 0.45 0.4 0.45 0.34 0.32 0.32 0.35 0.31 0.320.45 0.47
Mo 13 5.7 1.2 11 0.5 0.2 0.5 15 0.6 21 02 <1 0.1 0.2 <1 0.1 0.2 0.2 0.4 0.1
Cu 2.2 2.0 11 2.5 15 1.8 3.4 1.4 15 2 1. 16 3.1 11 71.9 1.2 2.4 2.2 13 1.8 14
Pb 6.3 15.3 3.9 55 4.0 3.1 6.0 15.5 29 26 3.8 3.1 3.4 2.9 21 2.8 4.1 2.9 5.8 3.7




Table 1 continued

Zn 39 33 39 38 41 39 25 40 37 40 7 22 29 30 40 31 3 5 41 52 19
Ni 3.1 5.6 3.9 4.7 3.1 51 3.5 5.0 4.2 44. 04 14 2.7 2.8 25 15 3 25 3.2 1.2
Mg# 31.9 43.1 41.2 35.8 40.8 39.3 38.9 36.9 345 312 731 41.1 49.0 45.9 34.6 57.0 37.8 36.0 17.8 9 30.
(La/Yb)N | 16.5 12.6 10.1 17.0 111 11.0 11.0 8.4 411. 9.3 6.6 9.2 115 10.7 9.2 15.1 8.3 10.8 12.3 6.0
(La/Sm)N | 5.8 5.2 4.6 6.6 4.9 4.7 5.0 4.5 4.6 47 9 3. 40 4.2 4.6 3.9 5.6 3.5 4.0 4.6 3.6
(Gd/Yb)N | 1.4 15 15 15 14 15 1.3 13 1.6 1.2 11. 14 1.6 14 15 1.6 1.6 1.6 15 1.0
Eu* 24.2 24.8 27.3 31.7 27.3 24.5 30.5 30.2 253 .128 203 30.5 24.4 24.6 22.8 26.7 24.6 23.2 315 921
Eu/Eu* 0.7 0.7 0.6 0.7 0.6 0.6 0.5 0.6 0.7 0.6 0.5 0.6 0.7 0.7 0.7 0.6 0.7 0.7 0.6 0.4

Mg# = [Mg?" /(Mg®* + Ferow) X 100], with Feqw as F&. Normalisation values are from Taylor & Mc Lenr(a985)



Koyunoba granites) (Yilmagt al. 2001; Dilek and Altunkaynak 2007; Akay 2009; Hdsglz
et al. 2009 —in review-). In the O vs SiQ diagram, the Alacam granite and accompanying

granite stocks mainly plot in the high-K field (F8@).

A relatively high Mg number (Mg# = 31 - 49, Tablg i$ characteristic for most samples.
Only two SiQ rich samples (samples 620 and 209) of the Alacanitg display lower Mg#
of 12.3 and 17.8 (Table 1). In the Rb vs (Y+Nb) atiol vs Y discrimination diagrams of
Pearceet al. (1984) and Pearce (1996), samples of the Alacamitgrshow a Post Orogenic
Granitoids (POG) signature. (Fig. 9a, b).

Chondrite-normalized REE patterns of samples frbm Alagam granite and its stocks are
presented in Fig. 9. The samples display enrichmehREE ([La/Yb\ = 6-17) over HREE
([Gd/YDb]n = 1-1.6). Significant negative Eu anomalies (0.4EWEU* < 0.73) either imply
plagioclase stability in the source or plagioclaaetionation during crystallization (Nagueli

al. 2003 and references therein). REE patterns ofAtheam granite and its related stocks
also indicate that the melt of the granite was ggted during low pressure conditions (3-5

kbar) (Nagudet al. 2003 and references therein).
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Figure 7 (a) Total alkali (NaO + KyO) vs SiQ classification diagram for the Alagcam
granite and related granite stocks (Cox et al. 1979amples vary in composition from
granite to granodiorite. (b) A/ NK vs A/ CNK diegm of Shand (1947) (A / CNK = [ADs/
(CaO + NaO + K;O) mol %)]).
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In comparison with REE compositions of the lowerddte, bulk and upper crust (Rudnick
and Gao 2003) the Alagam granite is similar to tfdhe upper crust (Fig. 10). In conclusion,
geochemical features of the Alacam granite andeisted stocks show remarkably similar
geochemical features to other Miocene granites &KpEvciler, Erigdz, Koyunoba granites)
in the NW Anatolia.
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Figure 8. (a) AFM (FeQ-Na,O-MgO) triangular diagram of Irvine and Baragar (1B1)
showing the calc-alkaline nature of the Alacam gra@ and its stocks, (b) 4O vs SiQ
diagram portraying the high-K character of the sainegs.
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Figure 9. Tectonic discrimination diagrams for thAlacam granite and its stocks. (a) Rb-
(Y+Nb) and (b) Nb-Y diagrams of Pearce et al. (198¥AG: volcanic arc granitoids,
syn/post-COLG: syn/post-collisional granitoids, WP@ithin-plate granitoids, POG: post-
orogenic granitoids, and ORG: ocean-ridge granitsidPOG fields are from Pearce (1996)
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Figure 10. Chondrite-normalized REE patterns of th&lacam granite and its stocks;
chondrite values are from Taylor and Mc Lennan (1898 compositions of average upper,
middle, lower and bulk crust are from Rudnick anda@ (2003)

Geochronology

Petrographically well defined relic granitic texégrof the gneissic granites from the Afyon
Zone (Fig. 3a) consists of idiomorphic crystals ibiting well-preserved magmatic
oscillatory zonation in CL without any visible inited core (Fig. 11a). The CL images of the
zircons from the gneissic granite from the Afyomgdalisplay similar appearance and internal
structure. Five zircon fractions from gneissic gi@f the Afyon Zone close to the Alagam
granitic stock were analyzed by the U-Pb dilutioetinod (Table 2). Three of these fractions
(917-1Y, 917-3, 917-6) are concordant witPPb/”®U, 2°’Pb*U ages ranging from ~ 315 to
306 Ma (Table 2). All fractions plot along a disdiar line which yields an upper intercept age
of 314.9 + 2.7 Ma which is interpreted as a cry=taion age of the gneissic granite from the
Afyon Zone (Table 2; Fig. 12). A lower intercepteagf these fractions define a negative age
(-377 £ 820 Ma) which is geologically meaningless.
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Gneissic granite (Afyon Zone) Alagam granite Alagam granite stock (As-1)
917 1045 859

Figure 11 Cathodoluminescence views of zircon graifrom (@) gneissic granite of the
Afyon Zone, (b) Alagam granite, (c) stock of theaglm granite

Zircons from the main body of the Alacam granitel ansmall stock are mostly idiomorphic,
long and thick. Their CL images show well definedgmatic zonation with prismatic crystal
shape (Figs. 11b, c). From the Alacam granite, mbstie zircon fractions (1045-1, 1045-2,
1045-3, 1045-4) are concordant and yield U-Pb ageging from 20 to 21 Ma (Table 2).
Whereas, one zircon fraction yields older discotdasPb ages due to the pressure of pre-
magmatic zircon material (Fig 13a). Seven zircattions from the Alagam granite yield a
lower discordia intercept age of 20.0 £ 1.4 Ma wahi interpreted as the intrusion age of the
Alacam granite. The upper intercept age of thisgardefine an age of 462 + 120 Ma (Fig.
13a) indicating a Pan-African inheritance from thesement material. From the Alacam
granitic stock (As-1) (Fig.2), five zircon fractisnvere analyzed (Table 2). U-Pb ages ranging
from 20 to 21 Ma are seen in three fractions of gmanitic stock (859-1, 859-3, 859-1Y)
(Table 2). All fractions of this sample define avkr discordia intercept age of 20.3 £ 3.3 Ma
(Fig. 13b) interpreted as the crystallization afjthe Alacam stock and an upper intercept age
of 389 + 120 Ma also implies an older inheritandaah is probably related to the basement

units of the study area.

Rb-Sr whole rock-biotite ages from the Alacam gaand its stock are given in Table 3. The
obtained ages of 20.01 + 0.20 Ma and 20.17 + 0.2(ak indistinguishable, within analytical
uncertainty, from the U-Pb zircon crystallizatiogea of these granites. Rb-Sr biotite ages of
the Alacam granite and its stock are interpretedoméing ages implying a fast cooling after
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emplacement, considering that the closure temperatberval of biotite with respect to Sr-

diffusion is 350 - 458C (Jenkiret al.2001; Giletti 1991).

0.053 data-point error eIIipggsOare 20
Gneissic granite (917)
0.051
917-1Y
31
0.049 0176
917-3
0.047 a
206Pb 290 917-5
238 0.045 |
U ' 917-2Y
0.043 | 270
Intercepts at
0.041 r 314.9+2.7 [+2.9] Ma
L 250 377 + 820 MSWD = 0.26
0.039 4 e
0.27 0.29 0.31 0.33 0.35 0.37 0.39
207Pb/235U

Figure 12 U-Pb Concordia diagram for zircons fronmé basement gneissic granite of the
Afyon Zone (sample no: 917; UTM: 0630768; 436356@)ve zircon fractions define a
discordia line with an upper intercept age of 3142.7 Ma.
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Table 2. U-Pb analytical data from gneissic grarstef the Afyon Zone (sample no: 917), Alacam graniisample no: 1045), and its stock

(sample no: 859)

Atomic ratios

Apparent ages (Ma)

Sample
P %Pp%Ph U (ppm)  Pb*(ppm) %%Pb*/*P°%Pb*  %Pb¥PU PPpy/PU PPbr*%%Pb* Ppy PpU Po%Ph
Gneissic granite (Afyon Zone)
917-1Y 90672 1257 61.1 0.07 0.05008 + 46 0.36240 + 63 0.05248 + 81 315.0 14.8 306.5
917-2Y 177880 664 29 0.07 0.04497 + 33 0.34046 + 60 0.05490 + 86 283.6 97.2 408.2
917-3 13930 535 26.3 0.09 0.04994 + 30 0.36284 + 35 0.05268 + 38 314.2 14.3 3154
917-5 19881 373 17.6 0.07 0.04883 + 120 0.35678 + 92 0.05299 + 41 307.3 309.8 328.3
917-6 20298 440 22 0.01 0.05022 + 48 0.36489 * 39 0.05268 + 27 315.9 15.8 3154
Alacam granite
1045-1 260300 1605 53 0.12 0.00333 +51 0.02137 + 127 0.04651 + 258 21.4 21.4 24.1
1045-2 88101 994 3.3 0.10 0.00337 + 31 0.02173 74 0.04673 £ 151 21.7 1.82 35.7
1045-3 69917 938 3 0.17 0.00310 + 44 0.02007 =124 0.04696 + 273 19.9 20.1 47.3
1045-2Y 171980 1664 55 0.14 0.00322 + 30 0.02074 =70 0.04669 * 145 20.7 0.82 33.9
1045-3Y 71603 1068 55 0.10 0.00523 = 39 0.03658 = 92 0.05067 =118 33.6 6.43 225.9
1045-4Y 49016 1302 4.1 0.12 0.00314 + 32 0.02016 =59 0.04645 =120 20.2 0.22 21.06
1045-5Y 59361 1298 4.3 0.17 0.00318 + 25 0.20809 * 68 0.04710 + 144 20.4 092 69.9
Stock of the Alacam granite
850-1 37428 1097 3.6 0.08 0.00379 = 15 0.02165 + 152 0.04645 = 32 21.7 1.72 21.4
859-2 38109 1102 6.6 0.08 0.00612 + 47 0.04267 £ 109 0.05050 + 119 39.3 42.4 218.2
859-3 63308 1222 45 0.32 0.00317 +31 0.02033 * 86 0.04648 * 185 20.4 042 22.9
859-5 65316 1299 4.6 0.09 0.00362 + 30 0.02403 £ 223 0.04807 + 189 23.3 24.1 102.9
859-1Y 10116 948 3.1 0.10 0.00333 =25 0.02134 £ 136 0.04645 + 288 21.4 21.4 215

All errors quoted are®2absolute uncertanities and refer to the last digit

*=radiogenic; grain size varies from 80-180 pm
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a Alagam granite (1045)
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Figure 13 (a) U-Pb Concordia diagram for zirconsdm the Alagam granite (sample no:
1045- UTM: 0644798; 4360915). Seven zircon fracsaefine a discordia line with a lower
intercept age of 20.0 + 1.4 Ma, (b) U-Pb Concordleagram for related stock (sample no:
859- UTM: 0628932; 4366465). Five zircon fractiomefine a discordia line with a lower
intercept age of 20.3 £ 3.3 Ma
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Table 3. Rb-Sr data for whole-rock and biotite frosnsample of the Alagcam granite (sample
no: 1045) and related Alagam stock (sample no: 868} measured,; i: initial)

Sample  Fraction Rb (ppm)  Sr(ppm) ¥RbASr  8'Sr/ESr (m) 87Sr/883r (i) Age (Ma)
Alagam  whole rock 177 409.5 1.25 0.70933 + 07

granite

1045 biotite 805.7 6.93 339.1 0.80534 £ 12 0.70898 £ 22 20.01 £0.20
Alagam  \hole rock 420 164.8 1.13 0.70934 + 07

stock

859 biotite 544 4.58 346.6 0.80832 + 10 0.70902 £21 .12&0.21
Discussion

The emplacement mode of the Oligo-Miocene granitelW Anatolia was discussed in
recent studies (Yilmaz 1997; Altunkaynak and Y1im&88; 1999; Geng 1998; Yiimat al.
1994; 2001; dik and Tekeli 2001;slk et al. 2004; Seyitglu et al. 2004; Ring and Collins
2005; Thomson and Ring 2006; Altunkaynak 2007; Ioded Altunkaynak 2007; Karacet

al. 2008; Ozgeng anilbeyli 2008; Akay 2009; Dilek and Altunkaynak 20Moztus et al.
2009; Hasozbelkt al. 2009a). Two different models are advocated: 1) ®oeel invokes a
syn-kinematic emplacement in an extensional lowledgtachment system. Accordingly, the
plutons intruded into the footwall part of detacmméaults and attained strong ductile to
brittle deformation close to the fault surfacgkland Tekeli 2001;sik et al. 2004; Seyitglu

et al. 2004; Ring and Collins 2005; Thomson and Ring 20P6The other model advocates a
post-collisional setting for the plutons. This mbgeggests that granitic magma was formed
by melting of lower parts of an abnormally thickdrezust (Yilmaz 1997; Yilmaet al. 1994;
Yilmaz et al. 2001). Recently, Dilek and Altunkaynak (2009) aRdztus et al. (2009)
reviewed the post-collisional magmatic response/@stern Anatolia. They suggest a break-
off of the subducting oceanic slab following coetit-continent collision. This caused the
mantle rose and heat transfer into the overlyitigp$phere that resulted in partial melting and
magma generation in the crust. However, the plutmesnot only found in the overriding
Sakarya Continent, as would be expected in the Blalak-off model, but are spatially
scattered to form an E-W trending belt cutting 8ekarya Continent to the north and the
Menderes Massif south of the collision zone. Ak2908) and Hasdzbedt al. (2009a) have
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shown that the young granites from the NW Anatwolteuded into various nappe packages of

the tectonic zones and associated volcanic-sulbwiglcacks (Fig. 14).

In NW Anatolia, the extension-related model for gmaplacement of the Miocene granites
was first suggested for the Evciler granite (Okand é&atir 2000) and the Egrigéz and
Koyunoba granites (Okay and Satir 2000k Bnd Tekeli 2001;slk et al. 2004; Seyitglu et

al. 2004; Ring and Collins 2005; Thomson and Ring 200®ecently, in the general
geological maps of NW Anatolia, a regional-scal langle fault was also drawn along the
northern border of the Alacam granite (Se§itoet al. 2004; Ring and Collins 2005;
Thomson and Ring 2006; Seyita and kik 2009). Erkulet al. (2009a, b) suggested that the
Alagam granite emplaced along a north-dipping detemnt fault. These authors interpreted
the gneissic granite of the Afyon Zone as the syeikatically deformed outer zone of the
Alacam granite. Our U-Pb zircon dating of the Alacgranite clearly indicates that the
granite and accompanying Alacam granitic stocksEamdy Miocene (20.0 + 1.4 Ma; 20.0 £
3.7 Ma) in age (Figs. 13a, b). The gneissic grangtied metarhyolitic intercalations of the
Afyon Zone found in contact with the Early MioceAéagam granite yield an upper U-Pb
discordia intercept age of 314.9 + 2.7 Ma (Fig. IJicating their Late Carboniferous
crystallization age. In the southeastern part ef Aliyon Zone, Permo-Carboniferous ages
were previously determined from basement assoosutas the Afyon Zone by foraminifera
(Erisen 1982). A Permo-Carboniferous basement age oAfyen Zone was also determined
by Ozcanet al. (1988) in Kitahya-Bolkardaand by Akalet al. (2008) around Meyvali
village (Balikesir). The Alacam granite intrudecetigneissic granites of the Afyon Zone
obliquely cutting their foliations (Figs. 6a, b)iven the pronounced age difference between
the Alagam granite (20.0 + 1.4 Ma; 20.0 + 3.7 Magl $he gneissic granite of the Afyon Zone
(314.9 £ 2.7 Ma) (Figs. 12, 13a, b). It seems highilikely that these two granitic bodies are
genetically related with each other. Thus, the ggieigranites of the Afyon Zone cannot be
interpreted as mylonitic deformed zones of the adetent related parts of the Alagam
granite. Rb-Sr biotite ages of the Alacam granii@idate that the country rocks were cold
during the intrusion causing rapid cooling of thiagam granite. Besides, Erkéll al. (2009a,

b) present ~ 19.2 M&Ar-*°Ar biotite ages of volcanic rocks from the coveitsiof the study
area. All this evidence indicates a shallow emptaar@ of the Alacam granitic bodies in the

study area.
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Figure 14. Simplified geological section of the N¥hatolia showing major tectonic zones
and Early Miocene granites. Radiometric ages shoan the section are from Okay and
Satir (2000) for the Evciler granite, Has6zbek dt €009a) for the Erigbz granite and
Aydagan et al. (2008) for the Baklan granite. Data foh¢ Alacam granite and gneissic
granites from the Afyon Zone are from this study.

In addition to the geochronological data basedhencomparison between the Alagam granite
and gneissic granites of the Afyon Zone presentethis study, Hasozbedt al. (2009a, b)
presented new U-Pb zircon ages from the EgrigbzKamginoba granites (19.3 = 4.4 Ma;
21.7 + 1.0 Ma). A metagranitic body of the Mendekassif which was previously called
“mylonitic shear zone” gives an U-Pb zircon lowerercept age of 30.04 + 0.56 Ma
(Hasozbeket al 2009a). The age difference of 10-11 Ma betwedargeed metagranite of
the Menderes Massif and undeformed granitoids ef/abEsrigoz and Koyunoba granites is
an additional proof that the deformed metagrarofethe Menderes Massif are not mylonitic
equivalent of the undeformed granites that crop alahg the northern Menderes Massif.
Geographical proximity of these Early Miocene grasi(Alagam, Erigoz, and Koyunoba)
and their radiometric age evidences put importanstraints to understand the emplacement

history of these granites along NW Anatolia.
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Conclusions

The Alagam granite and accompanying granitic stackdW Anatolia cut a nappe package
consisting of four tectonic zones. These are frootlsto north in ascending structural order:
Menderes Massif, a metaophiolite nappe complexmbieg the Selcuk Formation, the

Afyon Zone and the ophiolitic melange of Bornovgdeéh Zone. The age of the shallow-
seated and crosscutting Alacam granite and it$ecklstocks as determined by U-Pb zircon
method are 20.0 + 1.4 Ma and 20.0 £ 3.7 Ma, respaygtindicating an Early Miocene

emplacement age. Rb-Sr biotite ages of 20.01 + MaG&nd 20.17 + 0.20 Ma suggest rapid

cooling below the biotite closure temperature (200°C).

Major, trace and rare earth element patterns ofAlagam granite and its related stocks
display close similarities to subduction relatecamr-derived magmatic rock associations and
to other adjacent Early Miocene granitic bodiescflev, Kestanbol, Kozak, gigoéz and

Koyunoba granites). Their I-type, calc-alkalineuratand upper crustal REE signature is in
accordance with their emplacement along the sutone between the Sakarya Continent and

the Menderes Platform.

The Alagam granite obliquely cuts gneissic granitethe Afyon Zone and metapelites of the
Menderes Massif. The gneissic granites have beewiqusly interpreted as slivers of the
Alacam granite located between the Menderes Masslfthelzmir-Ankara Zone that were

deformed along a detachment fault system undextms&ional tectonic regime. The 314.9 +
2.7 Ma U-Pb upper discordia zircon age from a gieigranite sample from the Afyon Zone
does not support a genetic relation with the EMtigcene Alagam granite. We conclude that
the deformed gneissic granites belong to the lopaet of the Afyon Zone. The Alacam

granite and related small granitic stocks formedtpectonically by melting of a crustal

package which was thickened during Cretaceous te ©digocene subduction and collision
between the Anatolide-Tauride Platform and Sak&wgatinent along the northern border of

the Menderes Massif.
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Abstract

During and after the closure of the Neo-Tethyan &dcand progressive collision of the
Tauride-Anatolide Platform with the Sakarya Comihevidespread magmatism occurred in
NW Anatolia. These magmatic associations form a t&ding belt. The Miocene Alagcam
granite with its related stocks is exposed alomgsiiture zone. The granites intruded into the
basement rocks of the region which consist of, flmsttom to top, the Menderes Massif, a
meta-ophiolitic nappe complex, the Afyon Zone amel Bornova Flysch Zone.

Due to the complex geodynamic evolution, the eragblacement depth and the petrogenesis
of the Miocene granitoids in the northern border tbe Menderes Massif is still
controversially discussed. New Al-in-hornblendedmaetry and isotopic compositions of the
Alagcam granite give rise to reconsider the generaplacement mode of the Miocene
granitoids and address the question if the magmatiss triggered by compression or

extensional tectonic processes.

Initial isotopic signatures of the Alagam granitee®’Srf°Sr(l) = 0.70865-0.70915 (1) = -

5.8 to -6.45'%0 = 9.5 - 10.5, and measuré@bf**Pb isotope ratios vary between 18.87 and
18.90. These characteristics indicate an assimmatominated crustal crystallization and
most probably its derivation from an older metahs@ohtary protolith. Al-in-hornblende
barometry for the Alacam granite yields an intrasiepth of ca. 2 - 7 km.

A post-collisional extensional emplacement modelas earlier suggested for the Miocene
Alagam granites is not compatible with the new gginetic and Al-in-hornblende barometry

results of this study.

Key Words: Alacam granite,Al-in-hornblende barometrySr-Nd-O-Pb isotopes, NW
Anatolia, petrogenesis
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Ozet:

Neo-Tetis okyanusunun kapanmasi ile meydana gefetofit-Torid Paltformu’nun Sakarya
Kitasi ile progresif carpmasi sirasinda ve sonrasinda, KB Anadolu’da yaygim
magmatizma meydana gekti. Bu magmatizmanin UrUnleri Bati Anadolu’daki KB
dogrultulu kusaklan olwturmaktadir. Miyosen yh Alacam graniti ve stoklari sutur zonu
boyunca yuzlek verirler. Alagam Granitleri, alttdate dgru temeli olgturansu birimlere
intruzif olarak sokulmaktadir; Menderes Masifi, Meifiyolitik nap kompleksi, Afyon Zonu
ve Bornova Fil§ Zonu.

Menderes Masifi'nin kuzey sinirindaki Miyosen gramdlerinin (Egrigbz, Koyunoba ve
Alagcam granitleri) gercek yeden derinligi ve petrojenezi, bélgenin karm& jeodinamik
evriminden dolayi halen tagtnalidir. Alacam granitinden elde edilen yeni Al-hiolend ve
izotop analizleri, Miyosen magmatik aktivitesinirargi mekanizmaya ga olarak gelsip

gelismedigi sorularinin yeniden incelenmesine yol agmi

Alacam Graniti'nin ilksel izotopik deerleri; 2’SrP®Sr(l) = 0.70865-0.70915,g(l) = 5.8 to —
6.4, 5'%0 = 9.5-10.5,°°Pbf%Pb = 18.87-18.90 ‘dir. Bu izotop verileri asimijamunun
baskin oldgu bir kabuksal kristallenmeyi ve olasishabir meta-kitasal kabuk kdken
kayasindan turegini gostermektedir. Al-hornblend barometresi hémagalari, Alacam
Graniti i¢in intrizyon derinfiini 2-7 km olarak vermstir. Miyosen yali Alacam Granitleri
icin 6nerilen carpma sonrasi aciimaya gayerlesim modeli, bu calismada sunulan yeni Al-

hornblend barometre bulgulari ile uyumluzdeir.

Anahtar Sozcukler: Alagam graniti,Al-hornblend barometrisi, Sr-Nd-O-Pb izotoplari, KB

Anadolu, petrojenez
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Introduction

From Eocene to Quaternary, extensive igneous #ctigiok place in the Aegean-NW
Anatolian region (Figure 1). Evolution of this wgpead magmatic activity has been
subjected to close scrutiny by various researcffdteerr & Siebel 2002; Altheret al. 2004,
Altunkaynak 2007°; Brichaet al. 2007; Dilek & Altunkaynak 2007; Aydogaet al. 2008;
Akay 2009; llbeyli & Kibici 2009; Hastzbeét al.2010; Jolivet & Brun 2010,; Stouradt al.
2010). In the Aegean Sea, S-type (e.g. Ikeria teeasntrusion -, Tinos - Krokos -, Paros),
and I-type granitoids (Tinos - Falatados -, Ikeriavestern intrusion -, Naxos) are widely
exposed, with extrusive and intrusive products. ddiee I-type granitoids of post-collisional
origin (e.g. Kozak, Evciler, Alacam,gEg6z, Baklan granitoids) are also exposed in NW
Anatolia along a belt straddling the southern andhern parts of thdzmir-Ankara Suture
Zone (Figure 1). Petrogenetic models addressing riitigmatic zone generally involve a
mantle contribution during magma formation (Aldamn& al. 2000; Dilek & Altunkaynak
2007; Dilek & Altunkaynak 2009). Recent petrogeoestudies of the eastern Aegean
Miocene magmatism, however, (Aegean island magmatse in basic agreement that these
granitoids are derived from a crustal meta-sediargnsource (Altherr & Siebel 2002;
Stouraitiet al.2010). Stouraitet al. (2010) suggest that three end members (metasetdingen
biotite-gneiss, marble, and amphibolite) were imedl in the generation of the Middle-Late

Miocene granitoids of the Aegean Sea.

Various researchers have suggested petrogenetielsnsapporting this hypothesis with new
radiometric and structural data (Stouraeti al. 2010, and references therein). The main
purpose of these studies was to specify the geodgnaature of this magmatism from
Eocene to Quaternary time, that is, to answer thestipn whether the melts were produced
by continent-continent collision, subduction of acie lithosphere, delamination, slab-break
off, or within a detachment zone in a continentiddolsphere (Akay 2009; Altherr & Siebel
2002; Altherret al. 2004; Altunkaynak 2007; Aydogaet al. 2008; Bozkurt & Oberhansli
2001; Brichauet al. 2007; Dilek & Altunkaynak 2007; Hastzbek al. 2010a, b ; llbeyli &
Kibici 2009; Jolivet & Brun 2010; Stouraigt al.2010).

The Miocene granitoids in the Aegean Sea have beme intensively studied than similar
granitoids in NW Anatolia. This paper focuses oa Harly Miocene Alacam granitic body
located along the northern border of the Menderasdil (NW Anatolia) in the NW Anatolia

Magmatic Belt. Previous studies on this graniteolggy, geochemistry and geochronology)
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were published in Hasozbek al. (2010b). In the following, we present new Al-inrhblende

thermobarometry and new Sr-Nd-O-Pb isotope dafadpose a model for the emplacement
and the petrogenesis of the Alacam granite. Thigepaheds light on the petrogenetic
evolution and the emplacement nature of the Alagaanite and compares it with the

Miocene magmatism of the Aegean islands Miocenenmaéigm.
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Regional Setting and Geological Framework

Tertiary magmatism in the eastern Mediterraneaionegncluding both the Aegean Sea and
NW Anatolia, evolved by a variety of geodynamic g@sses (Jolivet & Brun 2010, and
references therein). Major tectonic events occgriwetween Eocene and Quaternary time
include subduction of the African lithospheric pldieneath the Aegean, collision between
Africa and Eurasia, and backarc extension (e. livelo% Brun 2010; Stouraitet al. 2010)
(Figure 1). Both the Aegean islands and NW Anatodiastitute similar geological settings: In
both regions, metamorphism resulted in blueschises and was almost entirely overprinted
by high to medium temperature/low pressure metamorponditions (Candaet al. 2005;
Okay 1980, 1982; Stouraigit al.2010). The metamorphic basement was nailed biztloene
and Miocene granitoids (Altunkaynak & Yilmaz 19%®racik & Yilmaz 1998; Altunkaynak
2007; Akay 2009; Dilek & Altunkaynak 2007; 2009; s@abeket al. 2010a, b) which are
suggested to have been emplaced either along detathfaults in an extension zone
(Bozkurt & Oberhansli 2001; Isikt al.2003; Isik & Tekeli 2001; Jolivet & Brun 2010; Ryn

& Collins 2005; Seyitogluet al. 2004; Stouraitiet al. 2010; Thomson & Ring 2006), or
originated from a thickened crust resulting from campression event (Akay 2009;
Altunkaynak & Yilmaz 1999; Hastzbedt al. 2010a, b; Karacik & Yilmaz 1998; Yilmaet

al. 2001).

In NW Turkey, the Alacam granite is exposed aldmg ¢ollision zone between the Sakarya
continent and the Menderes platform. Four diffetteigtonic zones of these two continents
form imbricated nappe packages which were intrudgdthe Miocene Alagcam granite
(Hasozbelet al.2010b) (Figure 1 & 2). These four tectonic zoriesn bottom to top, are: 1)
Menderes metamorphics, which form the basemeriteo$tudy area, characterized by a high -
to medium- grade metapelite association, 2) a roptaelitic nappe complex, similar in
lithology to the late Cretaceous Selguk Formati@air{gor & Erdgan 2001; 2002) which
tectonically overlays the Menderes metamorphicsth®) Afyon Zone, which tectonically
overlays both the Menderes Massif and the metaetipbinappe complex (greenschist facies
low grade metamorphic rocks) mostly comprises gieigranites, metapelites, metarhyolites,
and recrystallized limestones, 4) the Bornova HMystone, a non-metamorphic Late
Cretaceous-Late Oligocene ophiolitic mélange, whattonically overlies the Afyon Zone
(Hasozbeket al. 2010b, and references therein). The Alacam greaeuite its host rocks
(tectonic package) are unconformably overlain bydde-Upper Miocene continental-

lacustrine sedimentary rocks, and an andesiticavmatcsequence (Figure 2).
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The Alacam granite cuts various units of the Meeadekassif, the Afyon Zone, and the
Bornova Flysch Zone and its age was determined 4®bWzircon) method at 20.0 + 1.4 Ma
(Has6zbeket al. 2010b) (Figure 2). The granite displays charastieally steeply-dipping,
sharp contacts with the country rocks. The innettact zone consists of microgranite, which
gradually passes inward into a coarse-grained hgdtalline phase. Abundant enclaves of
Menderes metamorphics and Afyon Zone rocks ared@long the contact zone. The granitic
body is not deformed, except part of the contactezp which probably arise from rapid
cooling at a shallow crustal level during contins@mplacement (Hasdzbekal.2010b).
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Analytical Methods

Geochemical analyses were carried out in Acme Aitally Laboratories Ltd (Vancouver,
Canada) by ICP-AES (Inductively Coupled Plasma AtoEmission Spectrometry) and ICP-
MS (Inductively Coupled Plasma Mass Spectromeifffie data are published and discussed
in detail in HasOzbelet al (2010b). Thin section preparation and polishiag rhicroprobe
analysis were done in petrographical lab of Tubingéniversity. Chemical analysis of
amphibole minerals from the Alagam granite wereriedrout on a JEOL 8900 electron
microprobe at the Institut fir Geowissenschafteihiiigen University, Germany (Table 2).
(424a-UTM: 0643656;4362433,; 426-UTM: 064287443626 552-UTM:
0644483;4361393). Raw data were corrected accuméymstrong (1991). Both synthetic
and natural standards were used. The emissionntwyes 15 nA and the acceleration voltage
15 kV. Counting times were usually 10 s for eadmant. In order to avoid significant Al
increase through contact with plagioclase and teioéinalyses were performed on amphibole
minerals in contact with quartz. The Anderson amaitl®s (1995) calibration method with
deriving the temperature from the plagioclase-hlemile geothermometer (reaction B) of
Holland and Blundy (1994) was used where plagieclass in contact with amphibole.
Atomic proportions of amphiboles were taken fromllaélod and Blundy (1994). The
analytical study by Hammarstrom and Zen (1986) ldallister et al. (1987) suggest that the
Al content of calcic amphibole led to evaluate pinessure attending to pluton crystallization.
Moreover, other experimental studies confirmed @eraase in Al content of hornblende
while pressure increases (Schmidt 1992). Pressallations, were performed by using
excel sheet from Anderson and Smith (1995). Plagseccompositions were determined by
standard petrographical method. According to oesgure calculations, we established that
uncertainty in plagioclase concentrations in deteech pressure was not more than 0.5 kbar.
BSE images of the amphibole contacts with otherenails (quartz, plagioclase, and biotite)
presented in this paper were taken by using thetrele microprobe at the Institut fir

Geowissenschaften, Tubingen University, Germany.

Sr, Nd, Pb, O isotope analysis from 6 samples ef Alacam granite (Table 3) (189-UTM:
0631536;4367877; 505-UTM: 0643100;4363201; 550-UTGE44210;4366460; 620-UTM:
0644460;4358460; 859-UTM: 0628932;4366465; 1045-UTNI644798;4360915) were
performed at the Department of Geochemistry, Tldrngniversity. For Sr and Nd analyses,
about 75-80 mg of whole-rock sample powder wasespikith mixed®*Sr2’Rb tracer. Samples

were dissolved in concentrated HF acid in Tefloalsviin poly-tetrafluor-ethylene (PTFE)
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reaction bombs at 228C under high pressure for 4 days. Digested sampée dried and
redissolved in 2.5 N HCL. Conventional cation exuyg chromatography technique was used
for separating Rb, Sr, Sm, Nd, U, Th and Pb. Srle@ded with a Ta-HF activator and measured
on a single W filament. Rb, Sm and Nd isotope casitjmms were measured in a double Re
filament configuration mode and single Re filamewere used for Pb isotope measurements.
Isotopic analyses were done using a Finnigan MAZ @f@rmal ionization mass spectrometer
(TIMS). For mass fractionation, Sr was normalize8®sr®Sr = 0.1194 and Nd was normalized
to Nd/ A*Nd = 0.7219. During this study, measurement of ltheJolla Nd standard gave a
mean***Nd/**Nd ratio of 0.511820 + 10 (certified value of 0.850) and NBS-987 Sr standard
yielded a*’SrP°Sr ratio of 0.710240 + 11 (certified value of 0.246).8’Rb/®Sr ratios for whole
rock samples were calculated from fi8rF°Sr ratios and the Rb and Sr concentrations taken
from the ICP/ES measurements. The thermal fradiimmaof Pb isotopes was determined by
measuring of Pb standard NBS981 and the isotofimsravere corrected for 0.11% fractionation

per atomic mass unit.

For the measurement of O isotopes, a conventiox@@haion method of oxygen and BrF
reagent was used, according to a method of ClagmohMayeda (1963). About 7 mg of sample
was converted into COReaction was performed at 550°C for 16-18 h.ol®tmeasurements
were made using a Finnigan MAT 252. Oxygen isotmpapositions are given in the standérd
notation and expressed relative to VSMOW in perf#%i). The precision 050 values was

better than +0.2%o, as compared with accepté® values for NBS-28 of 9.64%o.

Petrography, Geochemistry and Isotopic data

The detailed petrographical characteristics andleviack geochemistry of the Alacam pluton
have been given in Hastzbek al. (2010b). The pluton is mostly granite in compasiti
except few samples showing granodiorite composifldre Alagam granite generally exhibits
a moderate coarse-grained holocrystalline textarplaces where the margin of the granite is
well exposed however, the texture is fine-graines do rapid cooling (Hastzbest al.
2010b). The mineral assemblage is quartz, albitbpolase, hornblende, biotite, and minor
zircon, titanite, sphene, apatite, and magnetitgufe 3). Plagioclases generally exhibit albite
twinning and normal oscillatory zoning due to chesgn composition from core to rim.
Small hornblende and biotite inclusions are alsontb in plagioclase crystals. Few

plagioclases are altered into sericite. Alkali gdrs are mostly microcline or microperthite
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and may display a cloudy appearance due to sedtiin. Most of the quartz minerals exhibit
polygonal structure and vary in size. Amphibolesuscin euhedral-subhedral prismatic or
rhombic forms with lamella twinning (Figure 3a - d)

Figure 3. BSE images of mineral textures and spai microprobe analysis from the
Alacam granite. (a-b) 424a, (c-d) 426, (e-f) 552, quartz, Ab, albite; Alk, alkali feldspar;
Amp, amphibole.
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The Alacam granite is subalkaline, high-K calc-al@ in composition. With A / CNK
values< 1.1. Ba (288-1330 ppm), La (23-64 ppm), Bnd9-48 ppm) concentrations indicate
enrichment in incompatible elements. The chondrded primitive mantle-normalized
element patterns also show enrichment in incomigaglements (Figure 4a - b). High field
strength elements such as Pb and low field streafgiiments such as Rb display negative
anomalies (Figure 4b). Negative anomalies in Sraége significant. Enrichment in large ion
lithophile elements ([La/Yl] = 6 - 17), as compared to high field strength elae
([Gd/Yb]y = 1 - 1.6) is significant in the chondrite-normalikz patterns (Hasozbe#t al.
2010b).
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Figure 4. (a) Primordial mantle-, (b) Chondrite-nonalized multielement diagrams (spider
diagram) for the Alacam granite. Normalized valueme after Taylor and McLennan
(1985).

Mineral chemistry

Three samples were chosen from the main body oAtagam granite for Al-in-hornblende
barometry (Figure 2). Results of the microprobelymis are presented in Table 1. Chemical
compositions of the rims and cores of the analyaaghiboles do not differ from each other
(Figure 5) and do not show any systematic variaitiothe amphibole classification diagrams
of Leake (1997) (Figure 5). Amphiboles are all malio nature and range from pargasite to
edenite in the calcic-a classification (Figure Sa).the calcic-b classification diagram of
Leake (1997), they are gathered in the magnesibhende field (Figure 5b). B§Fe* ratio
ranges from 0.20 to 0.37. The total Al contentasAeen 0.942 and 1.609 cations per formula
unit and all cores and rims of the A-site occuparenyge from 0.295 to 0.555. Pressure

calculations for amphibole compositions (rim ande¢a@re given in Table 1, in which all data
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fall in the same range between 0.60 and 2.07 Eausing a conversion factor of 1 kbar =
3.7 km of crust (Tulloch & Challis 2000), the inttan depth of the Alacam granite is

between 2-7 km.
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Table 1. Microprobe analyses of hornblende rims ancbres from the Alagam granite and calculated

Sample

424a-

424a-

424a-1 424a-7 424a-8 424a-4 424a-6 10 13 426-1 426-2 426-3 426-4 426-5 426-6 426-7 426-8 -926426-10 426-11 426-12 552-1 552-2 552-3 552-5 -B52 552-8
r r c rlb c/b r/b r r c r rlb c/d c/b r c r c r c r r/d rlb c r c
Si02 47,51 4537 44,7 44,15 44,78 4526 43,73 45,06 445,346,52 46,43 48,44 46,43 44,06 44,05 44,81 44494584 44,48 4507 48,16 47,97 4935 44,33 4445
Tio2 0,43 1,245 1,247 1,325 1,086 1,186 1,508 1,483 21,500,603 0,586 0,767 0,917 1,72 1,68 1,443 1,425 311,5 1,74 1,304 0,872 0,687 0,625 1,478 1,413
A203 6,11 7,99 8,47 8,36 8,11 7,56 9,19 8,11 7,97 6,95 886 5,26 6,93 8,84 8,69 8,18 8,55 8,32 8,34 7,95 386, 54 6,7 8,5 8,39
FeO* 20,19 19,49 20,23 20,9 21,32 21,48 21,16 17,87 217,318,34 18,19 17,22 18,41 18,87 18,88 18,52 18,878,871 19,72 18,01 14,33 17,87 10,57 19,42 19,56
MgO 10,78 10,21 9,55 8,99 9,05 8,59 9,39 10,92 11,54 5711 114 12,46 11,2 10,3 10,14 10,46 10,22 10,49 989, 11,08 14,38 11,99 16,5 9,97 10,12
MnO 0,979 0,674 0,723 0,851 0,925 1,032 0,678 0,595 340,5 0,785 0,754 0,804 0,841 0,648 0,614 0,711 0,740,712 0,737 0,769 0,677 0,983 0,266 0,794 0,743
cao 10,83 11,12 11,29 11,22 10,88 10,83 11,05 11,4 11,511,817 11,93 11,62 11,59 11,39 11,39 11,38 11,291,391 11,16 11,19 11,32 11,49 11,73 11,13 11,19
Na20 1,233 1,77 1,76 1,72 1,77 1,58 1,86 1,59 1,68 1,154,245 1,034 1,235 1,74 1,7 1,58 1,65 1,51 1,64 21,7 1,56 1,285 1,66 1,72 1,79
K20 0533 0,882 1,003 1,024 0894 0823 1,018 0,937 2209 0633 0,638 0499 0,756 1,054 1,082 0,97 1,0259920 0,913 0,881 0539 0518 0485 1,012 0,944
E 0,102 0,133 0,162 0,161 0,155 0,164 0,144 0,152 350,1 0,067 0,068 0,064 0,075 0,165 0,185 0,149 0,158,154 0,13 0,147 0,05 0,049 0,041 0,16 0,149
cl 0,224 0,334 0,276 0,32 0,342 0,247 0,35 0,214  0,223,17 0,202 0,17 0,19 0,2 0,183 0,155 0,165 0,18 149, 0,32 0,365 0,259 0,458 0,274 0,274
sum 98,92 96,10 99,41 99,02 99,31 98,75 100,08 98,33 ,1096 98,60 98,32 98,34 98,57 98,99 98,59 98,36 98,598,73 98,99 98,44 96,10 98,50 98,39 98,79 99,02
Fe203,calc 5,93 4,65 4,51 4,73 5,37 4,75 6,31 4,25 4,36 6,56 ,036 3,89 5,68 4,71 4,28 4,45 4,66 5,39 5,17 5,05 494, 3,55 4,32 4,90 5,20
FeO,calc 1486 1530 16,17 16,65 16,49 17,21 1549 14,04 4013, 12,44 12,77 13,72 13,30 14,63 1503 1452 14,684,02 1507 1346 10,29 14,68 6,68 1501 14,88
H20,calc 1,89 1,85 1,84 1,81 1,82 1,83 1,83 1,87 1,88 193 911 1,94 1,92 1,86 1,85 1,88 1,87 1,87 1,89 1,84 931, 1,92 1,95 1,83 1,84
O=F, Cl 0,09 0,13 0,13 0,14 0,14 0,12 0,14 0,11 0,11 0,07 ,070 0,07 0,07 0,11 0,12 0,10 0,10 0,11 0,09 0,13 100, 0,08 0,12 0,13 0,12
SUM 101,32 101,40 101,57 101,17 101,52 100,93 102,400,510 100,89 101,12 100,77 100,61 100,98 101,20 7%00,100,58 100,82 101,03 101,31 100,65 100,91 100,700,64 100,99 101,26
Fe3/Fe* 0,26 0,21 0,20 0,20 0,23 0,20 0,27 0,21 0,23 0,32 ,300 0,20 0,28 0,22 0,20 0,22 0,22 0,26 0,24 0,25 280, 0,18 0,37 0,23 0,24
Formula per Holland and
Blundy, 1994
T-sites
si 7,022 6,742 6669 6,646 6,705 6814 6,493 6,714 12,7 6853 6871 7,132 6,866 6565 6597 6694 6,646,635 6626 6709 6985 7,100 7,039 6,631 6,629
Aliv 0,978 1,258 1,331 1,354 1,295 1,186 1,507 1,286 881,2 1,147 1,129 0,868 1,134 1,435 1,403 1,306 1,35%,365 1,374 1,291 1,015 0,900 0,961 1,369 1,371
1,065 1,400 1,490 1,484 1,432 1,342 1609 1425 911,3 1,207 1,200 0,913 1,208 1,553 1,534 1441 150%460 1465 1,395 1,091 0942 1,127 1,499 1475

Al(total)



Table 1. continued

M1,2,3 sites
Al 0,086 0,142 0,159 0,129 0,137 0156 0,101 0,138 030,1 0,060 0,072 0,045 0,074 0,118 0132 0,135 0,150,095 0,091 0,104 0,076 0,042 0,165 0,129 0,104
Ti 0,048 0,139 0,140 0,150 0,122 0,134 0,168 0,166 670,1 0,067 0,065 0,085 0,102 0,193 0,189 0,162 0,160,171 0,195 0,146 0,095 0,076 0,067 0,166 0,158
Fe3+ 0659 0520 0,506 0,535 0,605 0538 0,704 0477 8604 0,727 0671 0431 0632 0528 0482 0500 0520604 0579 0566 0490 0,395 0464 0552 0,584
Mg 2,374 2,261 2,123 2,017 2,020 1,927 2,078 2,425 462,5 2,540 2,514 2,734 2,468 2,287 2,263 2,329 2,278,327 2,216 2,458 3,108 2,645 3,507 2,222 2,249
Mn 0,123 0,085 0,091 0,109 0,117 0,132 0,085 0,075 0,067 0,098 0,095 000,1 0,105 0,082 0,078 0,090 0,095 0,09 0,093 0,090,083 0,123 0,032 0,101 0,094
Fe2+ 1,710 1,852 1,980 2,060 1,999 2,112 1,863 1,719 311,6 1,508 1,580 1,606 1,618 1,792 1,856 1,784 1,796,712 1,826 1,628 1,147 1,718 0,764 1,829 1,810
ca 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 000,0 0.000 0,003 0,000 0,000 0,000 0,000 0,000 0000 0,000 0000 0,000 0,000 0,000 0,000 0,000 0,000
5,000 5,000 5,000 5,000 5,000 5,000 5,000 5,000 005,0 5,000 5,000 5,000 5,000 5,000 5,000 5,000 5,008,000 5,000 5,000 5,000 5,000 5,000 5,000 5,000
M4 site
Fe 0,127 0,049 0,038 0,036 0,066 0054 0,060 0,031 28, 0025 0000 0084 0,027 0,032 0027 0030 0,030,032 0052 0047 0,101 0,099 0,033 0,048 0,046
Ca 1,715 1,771 1,805 1,810 1,746 1,747 1,758 1,820 261,8 1,864 1,889 1,833 1,836 1,819 1,828 1,822 1,801,817 1,781 1,785 1,759 1,822 1,793 1,784 1,788
Na 0,158 0,180 0,157 0,155 0,188 0,198 0,182 0,149 40,1 0,111 0,111 0,083 0,137 0,150 0,145 0,148 0,156,151 0,167 0,168 0,140 0,079 0,175 0,168 0,166
2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000 002,0 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000
A site
ca 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0000 0,000 0000 0000 0,000 0,000 0000 0000 0000000 0000 0000 0000 0,000 0,000 0,000 0,000
Na 0,195 0,330 0,352 0,347 0,326 0,263 0,354 0,310 360,3 0,218 0,246 0,212 0,217 0,353 0,349 0,309 0,320,285 0,307 0,329 0,299 0,290 0,284 0,331 0,352
K 0,100 0,167 0,191 0,297 0,171 0158 0,193 0,178 740,1 0,119 0,120 0,094 0,243 0,200 0,207 0,18 0,196,188 0,174 0,167 0,100 0,098 0,088 0,193 0,180
Sum A 0,295 0,497 0,543 0,544 0,496 0,421 0,546 0,488 100,5 0,337 0,367 0,306 0,360 0,553 0,555 0,494 0,510,473 0,480 0,496 0,399 0,388 0,373 0,524 0,531
OH site
o 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0000 0,000 0000 0000 0,000 0,000 0000 0000 0000000 0000 0000 0000 0,000 0,000 0,000 0,000
OH 1,895 1,852 1,852 1,840 1,838 1,857 1,842 1,873 801,8 1,925 1,916 1,927 1,916 1,870 1,865 1,889 1,88%,881 1,900 1,848 1,886 1,911 1,869 1,853 1,859
E 0,048 0,063 0,077 0,078 0,074 0,079 0,069 0,072 6400 0,032 0,032 0030 0,036 0,079 0089 0071 0,078,073 0062 0070 0,023 0,023 0,019 0,077 0,071
al 0,057 0,085 0,071 0,083 0,088 0,064 0,089 0,055 570,0 0,043 0,051 0,043 0,048 0,051 0,047 0,040 0,040,046 0,038 0,082 0,091 0,066 0,112 0,070 0,070
2,000 2,000 2,000 2,000 2,000 2,000 2000 2,000 0020 2,000 2000 2000 2,000 2,000 2,000 2000 2000000 2000 2000 2000 2000 2,000 2,000 2,000
Sum cations 15,295 15,497 15,543 15,544 15,496 15,421 15,546,4885 15,510 15,337 15,367 15,306 15,360 15,553 585,515,494 15517 15,473 15,480 15,496 15,399 15,388,373 15,524 15,531

Mg/Fe2+ 1,293 1,189 1,052 0962 0978 0890 1,080 1,386 35,5 1,657 1,591 1,618 1501 1,254 1,202 1,284 1,241,334 1,180 1,467 2,490 1,456 4,400 1,184 1,212



Table 1. continued

Thermobarometric
results
Ps (kb) 2,06 3,65 4,08 4,05 3,80 3,38 4,65 3,77 3,61 2,74 ;702 1,34 2,74 4,38 4,29 3,85 4,16 3,94 3,96 3,63 182, 1,48 2,35 4,12 4,01
Anderson and Smith (pressure at various
thermometers)

T(C)HB1* 770,2 817,3 8256 849,6 8275 7837 923,8440 8773 840,8 840,0 791,7 8241 9165 890,749,88 8545 8864 904,6 859,2 8144 8059 7585 8359,887,6
P(Kb) HB1* 0,86 1,15 1,27 0,54 1,00 1,73 -1,71 0,49 -0,69 -0,23 -0,23 -0,18 0,23 -1,59 -0,67 0,37 0,46-0,77 -1,42 -0,09 0,02 -0,36 1,33 0,27 -0,76
T(C)HB2 7732 800,3 7949 8042 8090 7890 84148065 8182 7864 7824 7471 7963 8320 8216 8980 8145 8261 8389 8174 787,1 7440 764,1  818,826,7
P(Kb) HB2 0,80 1,58 2,07 1,82 1,49 1,62 1,25 1,52 ,091 1,12 1,18 0,60 0,91 1,33 1,55 1,53 1,63 1,14 790, 1,13 0,64 0,77 1,23 1,51 1,18
T(C)BH 72800 7869 8044 8138 7968 7681 8668239 8279 791,7 7859 7255 787,0 8781 8639 ,2830844,8 8542 857,9 810,1 7444 721,7 7256  830,833,7
P(Kb) BH 1,53 1,90 1,84 1,57 1,79 2,06 0,45 1,07 830, 1,01 1,11 0,89 1,11 -0,15 0,26 0,95 0,77 0,31 210, 1,32 1,41 1,07 1,84 1,16 0,98

HB 1 refers to Holland and Blundy Hbld-Plag thernedmy calibration reaction edenite + 4 quartz = wéta + albite, HB 2 refers to Holland and Blundplb-Plag thermometry calibration reaction edenitbite = richterite + anorthite, BH refers to Btlynand
Holland Hbld-Plag thermometry calibration reactemenite + 4 quartz = tremolite + albite. Pressyr&thmidt (Ps), (1992), and Anderson and Smith9%)9Cations based on 230 and summed to 13. (rctzoye, b:bright, d:dark)



Sr-Nd-Pb-O Isotopes

Sr, Nd, Pb, and O isotope analyses are reportefiable 2. Different samples from the
Alacam granite show initia’Srf°Sr isotopic ratios ranging from 0.70865 to 0.709Ike
samples have initiadNd values ranging from -5.3 to -6.3. Pb isotopienposition ranges
from 18.87 to 18.89 for the initidd®Pb/*Pb ratio, from 15.69 to 15.70 for the initial
2PpPb ratio, and from 38.98 to 39.00 for the inifidPb/*Pb ratio.5'°0 values of the
Alacam granite range from 9.5 to 10 One sample (550) hass¥O-value of 4.5, which is
probably related to hydrothermal alteration at¢batact with the Alacam granite resulted in
decrease of°O relative ta°0 or enrichment if°O (Table 2).

Discussion
Emplacement depth of the Alagam granite

The emplacement depths of the Aegean and NW Amatdlliocene granitoids are based on
two main evidences: 1) geological features whichnigacomprise contact relationships
between granitoids and host rocks, occurrence tfana counterparts of the pluton, or
caldera-type structures (Altunkaynak & Yilmaz 1998jmaz et al. 2001; Akay 2009;
Aydoganet al. 2008; Hastzbelet al. 2010a, b), 2) geodynamic observations indicating a
emplacement depth, such as core complexes andxgmsen emplacement structures (Isik
& Tekeli 2001; Jolivet & Brun 2010; Stourat al. 2010, and references therein). Evidence
based on geological features is as follows: KoBalgiler and Kestanbol granitoids crop out
with their volcanic counterparts and these gradg@ass gradually into porphyritic volcanic
associations which imply a shallow emplacement ldeptthese granitoids (Altunkaynak &
Yilmaz 1998, 1999; Karacik & Yilmaz 1998; Yilmaa al. 2001). The Erigoz and Alagcam
granitic bodies exhibit wide microgranitic contamine passing gradually inward into the
coarser granitic body that indicates rapid coolmghallow crustal levels. Rb-Sr biotite ages
of 18.8 + 0.2 Ma from the gig6z granite and 20.01 £ 0.20 Ma from the Alacamange are
almost concordant with the U-Pb zircon ages demaiinsg that rapid cooling took place
during emplacement (Hasozbek al. 2010a, b). Besides, the emplacement depth of the
granitoids was evaluated from geodynamic obsemadiod various researchers suggest a
large scale crustal extension related emplacemeuwliehfor these granitoids (e.g. Cyclades

Miocene plutonic suites, dggbz, Alacam granites in NW Anatolia) (Isik & Tdk&001,
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Bozkurt 2004; Seyitogluet al. 2004; Jolivet & Brun 2010; Stouraitt al. 2010). The
extension model gave rise to consider an intrusiepth between brittle-ductile transition
zone. In general, these types of fault zones can &nd evolve in the middle to lower crust
(Ramsay 1980; Coward 1984). The location of thesiteon zone between elastico-frictional
(ductile) and quasi-plastic (brittle) behavior, ides an emplacement depth of these granitoids
between ca. 15-20 km (Sibson 1977). However, our Akin-hornblende thermobarometry
from amphiboles of the Alacam granite is incongistavith this geodynamic model.
Geochronological data indicate a rapid cooling leé granitic body by close consistency
between U-Pb zircon age (20.0 + 1.4 Ma) and Rbi&ité age (20.01 £ 0.20 Ma) (Has6zbek
et al.2010b). Therefore, the emplacement mode of theakhagranite is inconsistent with the
crustal scale extension model which requires degsgiited injection of about 15-20 km into

the footwall of a regional detachment fault.
Petrogenesis of the Alagam granite

Miocene granites of NW Anatolia are mostly peralnous or slightly metaluminous I-type
granitoids (Altunkaynak & Yilmaz 1999; Yilmaet al. 2001; Akay 2009; Aydogaset al.
2008; HasoOzbekt al.2010a, b). Previous studies on both I-and S-typecéhe granitoids in
the southern Aegean indicate a metasedimentarytatrasurce for their generation and
suggests a heterogeneous crustal source ratheatimamtle derived component (Stouraiti

al. 2010, and references therein).

According to initial®’SrP°Sr versus Rb/Sr and initi&{Srf°Sr versus 1000/Sr diagrams of the
Alacam granite, assimilation played an importare rduring the evolution of this granite
(Figure 6a, b).

A clear distinctive pattern is observed for Pb apats when compared with Aegean islands
granites. Samples of the Aegean islands show a vedge of?*Pbf*Pb (ca. 18.5-19.0)
(Juteauet al. 1986) (Table 3, Figure 7). f*Pb*Pb versug®PbF*Pb, >°’Pbf**Pb versus
20%ppf2%%Ph, and®’SrFP® Sr versus®®PbF%Pb plots (Figure 7a-c) the Alagcam granite exhibits
Pb isotope ratio values than Aegean granitoidscataig more crustal contribution in magma

source.

92



Table 2. Sr-Nd-Pb-O isotope composition of wholeksamples from the Alacam granite.

ALACAM

GRANITE

Sample Sr(ppm) Rb(ppm) ®'Rb/%sr &’sr/®sr #7Sr/8%Sr(i) Sm(ppm) Nd(ppm) *4’Smi*Nd

13NGANd 1IN (i)

eNd *PbA%Pb *"PbPPb **PbFPb 50 swow

550 254 163,8 1,866 0,70963 0,70910 4,69 25,4 Q,112 0,51234 0,51233 -5,8 18,873 15,7 39,003 4,5
620 261 188,9 2,094 0,70974 0,70915 5,48 29,4 2,113 0,51237 0,51235 -5,3 18,89 15,696 38,988 9,5
189 343,5 145,3 1,224 0,70900 0,70865 53 31 0,1038 0,51234 0,51233 -5,8 18,896 15,71 39,002 10,5
1045 309,9 1241 1,159 0,70939 0,70906 6,4 36,2 07G,1 0,51232 0,51231 -6,2 18,902 15,699 39,017 10,3
859 316,6 135,4 1,238 0,70931 0,70895 4,9 23,7 56,12 0,51231 0,5123 -6,4 18,891 15,698 39,007 10,3
505 260 164 1,825 0,70963 0,70911 5,33 30,3 0,1068 0,51234 0,51233 -5,8 18,879 15,702 38,997 9,9

Sr, Rb, Sm, Nd concentrations are in ppm. (i)iahiSMOW: Standard Mean Ocean Water. Pb is cazteby 0.8%. mass unit
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Figure 6. (a) Initial ®’Sr/°Sr vs Rb/Sr, (b) InitiaP’Sr/°Sr vs 1000/Sr ratios for the Alagam
granite (see Table 3) implying assimilation rathénan fractional crystallization during
magma genesis.
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The Alacam granite displays lower initi&iSr°Sr and'®0 values compared to the I-type
granitoids of Tinos and lkaria (Altheat al. 1998) in central Aegean (Table 3, Figure 8). In
this diagram, a remarkable distinction is obserbetiveen Aegean granites and Alacam
granite. Altherret al. (1998) proposed the involvement of older recyclagsi@l material in
order to explain the high initid'SrP°Sr and'®0 values of the Aegean granites. Sr-Nd-O
isotopic constraints support an older crustal sektenderes Massif) for the Alagam granite
as well, rather than a mantle contribution to thaerse which was previously envisaged for
the Aegean Miocene granitoids (Jutestual. 1986; Dilek & Altunkaynak 2007). Additional
evidence for an older crustal source can be gdnoed the U-Pb zircon upper intercept age of
the Alacam granite and adjacent granite bodiess0t&)0 Ma ages. (Hasozbekal. 2010a,
b).

12
+ Alacam granite
€ Tinos granite
1.5 | A Ikaria granite
1F
O
P 105}
g5ot+1045
10 |
+505
9.5r i
9 L L Il L L L L
0.707 0.708 0.709 0.710 0.711 0.712 0.713 0.714 0.715

87Sr/86Sr(i)

Figure 8. Whole rocks™®0O versus initial®’Sr/°Sr of the Alacam granite (this study), Ikaria
and Tinos granites (Altherr et al. 1998)

The €Nd;; versus®'SrP°Sr; diagram in Figure 9 shows the isotopic compositian the

Alacam granite with Miocene granitoids of centrakgkan (lkera, Tinos) and meta-
sedimentary rocks from both Aegean islands andMkaderes Massif. Again, the granite
defines a distinct area in comparison to the goa@tstof the Aegean islands (lkera, Tinos).
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Moreover, all granite samples from NW Anatolia ahd Aegean islands plot in the crustal
field.

Our Sr-Nd (Figure 6), Pb (Figure 7) and O (Figuneistope data show that crustal
assimilation played an important role on the gein@naof the Alacam granite. We performed
an AFC modeling by usint*Nd/A*Nd(i) vs. 2’Srf°S(i) isotope data for demonstrating this
process. We selected representative basalt conggogiom Brique (1986) for mantle end-
member and granite as a contaminant from Jutea6§19his modeling reveals that the “r’-
ratio (assimilation/fractional crystallization) letween 0.20-0.35 (Figure 10) which implies

that the mixing processes only exhibit between 2% gluring crystallization.

4
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Figure 9. ENdy, versus®’Sr/°Sr, ratios for the Alagam granite (see Table 3) and iars
Miocene granitoids (Tinos, Ikaria) (Stouraiti et aR010, and and references therein) from
the Aegean islands and basement rocks (metagranite
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Figure 10. AFC modeling of** NdA*/Nd (i) vs.®’Srf°Sr(i) ratios for the Alacam granite.
End member (A) is basalt average from (Briqueu 19&®mposition,2’Sr/°Sr(i)=0,70420,
13N dA*Nd(i)=0,51283, Sr=200 ppm, Nd=10 ppm. Contamina} {s granite from (Juteau
1986). 8'Sr/f°sr(i)=0,71023,*Nd/A*“Nd()=0,51222, Sr=335 ppm, Nd=34,4 ppm. DSr: 2,
DNd: 1

Conclusions

The following conclusions about the Alacam grarcen be made based on new Al-in-
hornblende barometry and isotopic data:

1) Estimated emplacement depth for the Alagcam grasitalculated as ca. 2-7 km by
Al-in-hornblende barometry. This shallow crustal pacement is compatible with
geological and geochronological data. Such modedsdnot support previously
mentioned syn extension (low angle fault) relategtin@anism for the emplacement of

the Alacam granite, along a ductile-brittle tralasitzone (ca. 10-15km).

2) Sr-Nd-Pb-O isotopic compositions of the Alacam geapoint to derivation from a
meta-sedimentary (metagreywacke type) source. @ur isotope results are with
dehydration melting of metaluminous older crustalrses as previosly suggested by
Stouraitiet al. (2010 and references therein). Furthermore, uppercept age data of
ca.500-550 Ma (U-Pb zircon age) from the MiocenagcaAm, Erigéz and Koyunoba

granites support a derivation from similar oldeurse (Hastzbekt al. 2000a, b).
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3) Isotopic compositions of the Alacam granite indicaa distinct isotopic ratio
differences, however a common older crustal sousoe®bserved for Aegean granites

and the Alagam granite.

4) AFC modeling points out an evolution by crustalimdation during crystallization of
the Alacam granite which probably indicates tha thustal derived melt was also

contaminated by other crustal source.
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