I ntroduction and aims of thisstudy

The Africa-Eurasia convergent zone in the Aegean region is characterized by complex
geodynamic processes resulting from subduction, back-arc extension, and continent-continent
collison from the end of the Cretaceous to present day. In the Aegean region, HP-LT
metamorphic rocks, post-collisional magmatic belts and back-arc extension related volcanic
fields are widely exposed. To demonstrate the complex geodynamic scenario of the Africa

Eurasia convergent zone in the Aegean region, western Anatoliais one of the key areas.

In western Anatolia, the internal stratigraphy, magmatic and metamorphic evolution of the
Menderes Massif and its neo-tectonic exhumation history have been studied extensively (Akk k
1983; engr et a. 1984a; Satr and Friedrichsen 1986; Er do an 1992; Erdo an and Gngr
1992; 2004; Hetzel et al. 1995a; Bozkurt and Sat r 2000; Sat r & Taubald 2001; Candan et al.
2001; Whitney & Bozkurt 2002; Ring et a. 2003; Seyito lu et al. 2004; Catlos & "emen 2005;
Whitney et al 2005; 2008; "emen et a. 2006; Westaw ay 2006; Catlos et al. 2010; Bozkurt et al
2010). The uplift of the massif was first proposed to occur along high-angle normal faults during
the neotectonic period by which graben structures of Western Anatoliawere formed ( eng r and
Y Imaz, 1981; engr et a. 1984a; 1984b; Doraet a. 1990; 1995; Y Imaz 1997). Since the early
1990 s an aternative model has arisen suggesting that extensional low-angle normal faults were
effectively active during the neo-tectonic period and that tectonic denudation was the cause of
the exhumation (Verge 1993; Bozkurt and Park 1994; Hetzel et al. 1995a; 1995b; Lips et al.
2001; Ring et a. 2003; Seyito lu et a. 2004; Purvis and Robertson 2004; "emen et a. 2006;
Catlos et a. 2010; Bozkurt et al. 2010) that led to assigning the Menderes Massif as a
metamorphic core complex. In this model, the boundary between the high-grade metamorphic
Menderes Massif and tectonically overlying less or nonmetamorphic units was suggested as an
extensional detachment zone. Along this regional scale extension related zone in NW Anatolia,
most of the granitoids with its related volcanic counterparts were previosly interpreted as a result
of this tectonic event and related to the formation of core complexes (Okay and Sat r 2000; | k
and Tekeli 2001; | k et a. 2004; Seyito lu et a. 2004; Ring and Collins 2005; Thomson and
Ring 2006; Erk |, 2009).

In NW Anatolia, the closure of the Neo-Tethys resulted in progressive collision of the Tauride-
Anatolide Platform with the Sakarya Continent. This process was associated with widespread
post-collisional, alpine-type magmatism. The generation of pre- (subduction-related), syn-, and



post-collisional magmatism is well documented and most authors suggest a southward retreat of
the African lithospheric plate (Hellenic subduction zone) (Dilek & Altunkaynak 2009; Jolivet &
Brun 2010; Stouariti et al. 2010) as the ultimate cause of this magmatism. Arc migration resulted
in the emplacement of granitoids both in the Balkan region, Aegean islands and NW Anatolia. In
NW Anatolia, Oligo-Miocene magmatism comprises subvolcanic and plutonic rocks which form
aNW trending belt close to the northern border of the Menderes Massif (Akay 2009). According
to previous works, two types of emplacement are suggested for the Miocene granitoids: (1)
Recent model puts forward the idea that the Miocene granites emplaced syn-kinematically along
an extensional detachment fault at ca. 23-20 Ma (Okay and Sat r 2000; | k and Tekeli 2001; | k
et a. 2004; Seyito lu et al. 2004; Ring and Collins 2005; Thomson and Ring 2006; Erk | 2009).

(2) In an aternative model, a regional compressional regime was proposed for the Miocene
granites and their vol canic equivalents along a magmatic belt instead of an individual extensional
zone (Gen 1998; Altunkaynak and Y Imaz 1998, Karac k and Y Imaz 1998; Y Imaz 1997,
Y Imaz et al. 2001; Akay 2009).

Due to the controversial emplacement models for the Miocene granites, which are mainly used
as evidence for the formation of the core complexes and to understand the geodynamic evolution
of the NW Anatolia, we focused on two main regions along the northern border of the Menderes
Massif. In these regions, the tectonic belts of the Menderes Massif, Afyon Zone and Bornova
Flysch zone are intruded by Miocene granitoids. These regions are: (1) Simav region (K tahya),

(2) Alaam region (Bal kesir). Limited number of studi eshave been carried out so far in these
regions (Akdeniz and Konak 1979 a, b; Akk k 1983; D ora et al. 1990; 1995; | k and Tekeli
2001; | k et a. 2004; Seyito lu et al. 2004; Ring and Collins 2005; Thomson and Ring 2006;
zgen and |beyli 2008; Akay 2009; Erk | 2009). This thesis fo cuses on the evolution of the
E rig z and Koyunoba granites in the Simav region, and the Alaam granite with its related

stocks in the Alaam region. An important aim of thisthesisisto find arguments whether or not
(2) low-angle normal faults caused the Miocene magmatism, and (2) the E rig z, Koyunoba and

Alaam granites are genetically related with a low- angle detachment zone along the northern
border of the Menderes Massif.

In order to elucidate the emplacement problem of the early Miocene granitic intrusions in the
northern Menderes Massif, we remapped both the Simav and Alaam regions and obtained U-Pb

zircon ages from the granites, and from a metagranitic body of the Menderes Massif and the

Afyon Zone. 207py,-206py, g ngle zircon evaporation ages were obtained from a gneissic rock of



the Menderes Massif. In addition to that, three Rb-Sr biotite ages from the E rig z and Alaam

granites were obtained. Al-in hornblende barometry cal culations were performed to evaluate the
emplacement depth of the Miocene Alaam granite. This thesisis divided into three chapters to
discuss the Miocene magmatic evolution of the northern margin of the Menderes Massif in the

light of new geological, mineralogical, isotopic and geochronological evidence.



Geological overview

In NW Anatolia, nappe packages formed during the collision of the Tauride-Anatolide Block to
the south and the Sakarya Continent to the north. These nappe packages which are exposed in
both study areas (Simav region, Alaam region) comprise from south to north, (1) A high-to-
medium grade metapelite association (the Menderes Massif) (Akdeniz and Konak 1979 a, b;
Akk k 1983; Dora et a. 1990), (2) a HP-LT belt tectonically overlying the Menderes Massif
along its northern border (the Afyon Zone) (Okay et al. 1996; Candan et a. 2005), and (3) an
internally sheared flysch (the Bornova Flysch Zone) tectonically overlying the Menderes
metamorphics and the Afyon Zone along its northwest margin (Okay et al. 1996).

Metamorphic associations of the Menderes Massif are widely exposed in NW Anatolia and can
be divided into three sub-massifs. (1) southern sub-massif, (2) central sub-massif, and (3)
northern sub-massif (Bozkurt et al. 1993; 1995 and references therein). The study regions are
located within the northern sub-massif which is dominated by gneiss-schist-marble associations
and metagranites and these high-grade units of the massif are tectonically overlain by less

metamorphosed rocks of the Afyon Zone.

Originally, the Afyon zone was separated as an individual tectonic zone by Okay (1984). In
previous studies, the Afyon zone was interpreted to have been formed under greenschist facies
conditions (Okay, 1984; Okay et a. 1996). However, recent papers suggest that a HP-LT
metamorphism took place in the central parts of the zone (Candan et al. 2005). In the Simav
region, the Afyon zone consists of metadetrital and metavolcanic rock lithologies. These rocks
grade into metacrystalline basement rocks outside of the study area. In both regions, the Afyon
zone is conformably overlain by strongly recrystallized limestones known as Buda an Limestone
(Kaya, 1972). The Menderes Massif and the Afyon Zone are tectonically overlain by the slightly
deformed Bornova Flysch Zone representing the Izmir-Ankara Zone. This zone comprises
ophiolitic and carbonate blocks embedded in slightly sheared sandstone and mudstone matrix. In
both study regions, the nappe packages are intrusively cut by the Miocene granitic bodies and
their volcanic counterparts. These granites are: (1) E rigz and Koyunoba granites (Simav

region), (2) Alaam granite and its related stocks (Alaam regi on).



1. E rigzand Koyunoba granites

E rig z and Koyunoba granites crop out along the nort hern part of the Simav village (K tahya)
in the northern Menderes Massif. These granites constitute the Simav Magmatic Complex with
their volcanic counterparts (Akay, 2009). The long axis of these granitoids extends
approximately in a NNE-SSW direction. The E rig z granite is 18 x 32 km, and the Koyunoba
granite is 10 x 18 km in diameter. Both granites are generally light pinkish and gray; in places
light brownish in color and strongly altered. They are mostly granitic to monzonitic in
composition and penetrated by aplite and pegmatite dykes. The texture of the granites is
holocrystalline and partly porphyritic to granophyric with well defined myrmekitization and
perthitization in feldspars. At the margins of the granitoids, the texture is fine grained, grading
into a coarser grained texture towards the center of the plutons. The sizes of pink colored
orthoclase phenocrystals may reach up to 0.5-2 cm.

Contacts between granites and the basement country rocks are clearly intrusive and at the
contacts they are undeformed. Close to the contact, the E rig z and Koyunoba granites contain
augen gneisses of the Menderes Massif as enclaves. Along the intrusive boundary, both granites
display minor deformation structures such as fracture cleavage and lineation. These deformed
zones, not more than 1-5 m in width, gradually pass into undeformed granite toward the central
part of the bodies. Moreover, the E rigz and Koyunoba granites engulfed boulders of the
Menderes Massif and the Afyon Zone as roof pendants. The presence of such large roof pendants

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

2. Alaamgranite and its related stocks

The Alaam granite and its related stocks are exposed in the southeastern part of the Dursunbey
town (Bal kesir) along the northern Menderes Massif. The granite has an elongated shape and
extends approximately in a NNW-SSE direction, and the dimension of the granite is about 5 x 12
km. The granite is mostly gray in color, and displays typical holocrystalline and in places
porphyritic in texture. The lithological features of the Alaam granite show similarities to the

E rig z and Koyunoba granites.



The granite and its related stocks exhibit cross-cutting relations with the Menderes Massif,
Afyon Zone and Bornova Flysch Zone. No deformation is observed with the exception of a

slightly deformed microgranitic endocontact which is probably related to rapid cooling.

An ongoing debate along the northern Menderes Massif is, whether the Miocene granites are
related to a regional extensiona event or not. In previous models (I k and Tekeli 2001; | k et
al. 2004; Seyito lu et a. 2004; Ring and Collins 2005; Thomson and Ring 2006; Erk I, 2009),
the boundary between the high-grade metamorphic Menderes Massif and the tectonically
overlying less or nonmetamorphic units was suggested as an extensional detachment zone and
some of the main evidences presented for this model are: (1) Synkinematic granite intrusions
emplaced into footwall rocks with upward, gradual change in texture from undeformed to
sheared granites and a low-angle normal sense of shear and brittle deformed overprint (I k and

Tekeli 2001; | Kk et al. 2004; Seyito lu et al. 2004), (2) 40Ar/39Ar ages of mylonitic gneissesin
the footwall rocks and U-Th-Pb (SIMS) dates of leucogranite dykes demonstrating close age
agreement with the so-called syn-kinematic granitoids and (3) Thermo-chronologic evidence for
rapid cooling that was interpreted as aresult of tectonic denudation by low-angle normal faulting
rather than erosion (I k and Tekeli 2001; | k et al. 2004; Seyito lu et a. 2004; Ring and Collins
2005; Thomson and Ring 2006; Erkl, 2010). According to these studies, the E rigz,

Koyunoba, Alaam granites are interpreted to have been formed aong an extensional
detachment zone separating the Menderes Massif in the footwall and metapelites of the Afyon
Zone or ophiolitic melange in the hanging wall. However, contact relations and the relative ages
of the assembly of different tectonic and stratigraphic successions in the study areas set some
important limitations on the tectono-magmatic models of the northern margin of the Menderes

Massif.

The different slices of the nappe package (Menderes Massif, Afyon Zone, Tav anl Zone, and
Bornova Flysch Zone) formed along the suture zone between the Tauride-Anatolide Block and
the Sakarya Continent. They tectonically overlay the different units (gneisses, schists or marbles)
of the Menderes Massif (Kaya 1981; Ba arr and Konuk 1981; Candan 1988; Erdo an and
Gngr1992; Y Imaz et a. 1994, Akay, 2009). There fore, the exhumation of the basement units
must have started prior to the emplacement of the nappe packages along the zmir-Ankara Suture
Zone. With the ongoing compression, the thrusting of nappe packages was accompanied and
followed by a considerable thickening. When the Miocene E rig z, Koyunoba and Alaam

granites intruded, the pal eotopography was underlain by metapelites-metarhyolites of the Afyon



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

Miocene and this erosion is still continuing at the present time.



Summary of the publications

Three chapters form the genera framework of this thesis. Miocene magmatic evolution of the
Menderes Massif is their primary focus. The first chapter deals with the Simav region and
presents new geological, geochronological and geochemical data for the E rig z, and Koyunoba
granites and basement rocks. The second chapter explores the geochemical and geochronological
constraints of the post-collisional Alaam granite with its country rocks in Alaam region. The
last chapter bears on the emplacement mode and isotopic signatures of the Alaam granite and
sheds further light on the Miocene magmatic evolution of the region.

Chapter 1. Early Miocene granite formation by detachment tectonics or not? A
case study from the northern Menderes Massif (Western Turkey) - published in

Journal of Geodynamics -

This paper focuses on the E rig z and Koyunoba granites and explores the questi on whether
their formation is related to a syn-extensiona event or not. The paper contains new geological
observation from granites and their country rocks, and new geochronological and geochemical

constraints.

E rig z and Koyunoba granites are shallow-seated, I-t ype, calc-akaline, post-collisional granitic
bodies. They are associated with their subvolcanic-volcanic sequences which crosscut the

Menderes Massif, Afyon Zone and the tectonic contact between them.

Magor, trace and rare earth element compositions show geochemica differences between the
Miocene granites (E rig z and Koyunoba) and a metagranite of the Mender es Massif. The latter
was previody interpreted as a mylonitic upper part of the undeformed granites (I k and Tekeli
2001; | k et al. 2004; Seyito lu et a. 2004; Ring and Collins 2005; Thomson and Ring 2006).
According to the geochemical signatures of the metagranite, Ba, Rb and V contents in
metagranite samples are remarkably different from the samples of the E rig z and Koyunoba
granites. The undeformed granites are clearly I-type in nature, whereas ASI values of most
metagranite samples indicate an S-type affinity. Compared to the REE patterns of the
undeformed granites, the metagranites are more enriched in light rare earth elements (LREE)
([La/YDb]n = 8-38.4), and less enriched in heavy rare earth elements (HREE) ([Gd/Yb]y = 0.8-



5.0). Besides, negative Eu anomalies observed in the undeformed granites (0.7 < EWEU* < 1.3)

are not seen in the metagranites (0.6 < EUW/Eu* < 0.8)

Geochronological analyses were performed on samples which were collected close to the
intrusive boundaries of the granites with the basement rocks. The age relation between gneisses,

metagranites of the Menderes Massif and the E rig z and Koyunoba granites was evaluated by

U-Pb (zircon) and 207Pb/2%ph (single zircon evaporation) geochronology. 297Pb/206ph
evaporation ages between 607-501 Ma and U-Pb zircon ages of 543 — 10 Ma and 30.04 — 0.56
Ma were obtained for two gneiss samples and a metagranite of the Menderes Massif,
respectively. U-Pb zircon analyses yield crystallization ages of 21.7 — 1.0 Ma for the Koyunoba
granite and 19.4 — 4.4 Ma for the E rig z granite. A cooling age of 18.77 — 0.19 Ma for the
E rig z granite was obtained by Rb-Sr (whole rock, bi otite) analyses.

All the data presented in this paper point out that the Early Miocene I-type granites (E rig z and
Koyunoba) are part of a NW-SE trending magmatic belt. Moreover, the metagranites and the
undeformed E rig z and Koyunoba granites are not genetically rel ated with each other. Granite
emplacement related to a low angle detachment fault is not supported by our new geological,

geochronological and geochemical data.

Chapter 2: Early Miocene post-collisional magmatism in NW Turkey:
geochemical and geochronological constraints - published in International

Geology Review -

This paper offers new geochemical and geochronological constraints of the Alaam granite. The
Alaam region is situated along the northern Mender es Massif and close to the Simav region.
Due to this proximity and the geological resemblance, the Alaam region played an important
role to understand the magmatic evolution of the northern massif. The Alaam granite stitches
into four different tectonic zones which were formed after the Alpine collision of the Menderes

platform and Sakarya Continent.

The Alaam granite and its related stocks exhibit t ypical I-type characteristic. The geochemical
features of the granite show close similarities with the E rigz and Koyunoba granites. The
Alaam granite shows enrichment in light REEs (LREE s) relative to heavy REES (HREES). In



LREEs a distinctive negative trend is clear, and a clear flat pattern is observed in HREESs.

Negative Eu, Sr, and Nb anomalies are also characteristic for the Alaam granite.

In previous studies, the gneissic granites and the metarhyolites of the Afyon tectonic zone have
been interpreted as the sheared parts of the Alaam granite (Seyito lu et al. 2004; Erk |, 2009).
Such interpretation implies a crustal-scale detachment zone and an extensional regime during
emplacement. A similar intrusion mode was postulated for other granites situated along the
northern margin of the Menderes Massif (e.g. E rig z and Koyunoba granites). However, we
determined U-Pb zircon ages of 314.9 — 2.7 Ma from a gneissic granite sample of the Afyon
Zone and 20.0 — 1.4 Ma and 20.3 — 3.3 Ma from the Alaam granite and its related stocks
demonstrating that these rocks have no genetic relation with each other. Rb-Sr biotite ages of the
granite and its stocks are 20.01 — 0.20 Ma and 20.17 — 0.20 Ma, suggesting fast cooling at a
shallow crustal level.

Geological, geochemical and geochronological characteristics show that the Early Miocene
Alaam granite is similar to numerous EW-trending p lutons of NW Anatolia. This granite with
its stock bears post-collisional geochemical features and is interpreted as a product of Alpine-
type magmatism aong the zmir-Ankara Suture Zone in NW Turkey and seems to have no

genetic relation to the detachment zone.

Chapter 3. Al- in-hornblende thermobarometry and petrogenesis of the Ala am
granite in NW Anatolia (Turkey) - submitted to the Turkish Journal of Earth

Sciences -

In this paper, the intrusion depth and the isotopic compositions of the Alaam granite were
investigated. The exact emplacement depth of the Miocene granites along the northern border of
the Menderes Massif is still a subject of debate. Previous estimates on the granites emplacement
depth were mainly based on geological features. However, the exact emplacement depth is
important for understanding the general emplacement mode of the Miocene granites. The new
Al-in-hornblende data and isotopic compositions of the Alaam granite give rise to re-consider
the general mode of the Miocene magmatic activity and cast doubt on the hypothesis that

magmatism was triggered by extensional tectonic processes.
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Three samples from the main body of the Alaam granite were analyzed for Al-in-hornblende
barometry. Chemical compositions of the rims and cores of the amphiboles do not differ from
each other. Fe**/Fe* ratio ranges from 0.20 to 0.37. Total-Al content is between 0.942 and 1.609
cations per formula unit and all cores and rims of the A-site occupancy range from 0.295 to
0.555. Pressure calculations for amphibole compositions (rim and core) fall in the range
between 0.60 and 2.07 kbar. By using a conversion factor of 1 kbar = 3.7 km of crust (Tulloch &
Challis 2000), the intrusion depth of the Alaam gr anite can be estimated between 2-7 km. Our
data is also compatible with the other Oligo Miocene granitoids in NW Anatolia (Kavaklar,
‘avu lu, Eybek plutons) (Ghassab 1994). In earlier studies, the emplacement depth of the
granitoids was evaluated from geodynamic observation and various researchers have suggested a
large scale crustal extension related emplacement model for the granitoids in the Aegean Sea and
NW Anatolia (e.g. Cyclades Miocene plutonic suites, E rig z, Alaam granites in NW Anatolia)
(Isikk & Tekeli 2001; Bozkurt 2004; Seyitoglu et al. 2004; Jolivet & Brun 2010; Stouraiti et al.
2010). The extension model gave rise to consider an intrusion depth at the brittle-ductile
transition zone. In general, crustal-scale detachment zones form and evolve in the middle to
lower crust (Ramsay 1980; Coward 1984). The location of the transition zone between elastico-
frictional (ductile) and quasi-plastic (brittle) behavior would define an emplacement depth of
these granitoids between ca. 15-20 km (Sibson 1977). However, our new Al-in-hornblende
thermobarometry from amphiboles of the Alaam grani te is inconsistent with this geodynamic
model.

In the Aegean Sea, both I-type and S-type granitoids crop out with their volcanic counterparts.
The petrogenetic nature of the Tinos, Ikeria, Naxos, Paros, Krokos granitoids were previously
studied in detail (Stouariti et al. 2010 and references therein). In general, these studies show that
these Aegean magmatic suites are derived from crustal meta-sedimentary sources (Altherr &
Siebel 2002 and references therein). Stouariti et al. (2010) proposed that three end members
(metasedimentary crustal source, marble, and amphibolite) contributed to magma formation.
Miocene granitoids also occur along the northern and southern parts of the zmir-Ankara Suture
Zone. Close age similarities, geochemica and geological features of the NW Anatolian granite
and Aegean granitoids give rise to speculate that this magmatism is closely related with each
other. Initial isotopic signatures of the Alaam gr anite are 8'Sr/%°Sr(1) = 0.70865-0.70915, eny(l)
= 581to 64, O = 95105, **Pb/**Pb = 18.87-18.90. These characteristics indicate a
crustal source and its derivation from an older meta-crustal protolith. When compared with the

Aegean granitoids, the isotopic compositions of the Alaam granite are distinctly different.
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New Al-in-hornblende barometry isotopic data of the Alaam granite and its related stocks do
not substantiate previously suggested extension related model for both the Aegean Islands and
NW Anatolia magmatism. The emplacement depth and the crustal source signatures imply a

compression regime for the formation of the Early Miocene granites aong the northern border of
the Menderes Massif.
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Abstract

The northern border of the Menderes Massif is dominated by gneiss-schist-marble associations
and metagranites. The high-grade units of the massif are tectonically overlain by a meta-platform
sequence of the Afyon Zone and the Cretaceous-early Tertiary HP/LT Tav anl Zone. The Simav
Magmatic Complex, comprising the shallow-seated, I-type, calc-akaline, post-collisional
E rigz and Koyunoba granites, and associated subvolc anic-volcanic sequences crosscuts the
Menderes Massif, Afyon Zone and tectonic contact between them.

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

E rig z and Koyunoba granites was evaluated by isotop e dating. 297Pb/206Ph evaporation ages
between 607-501 Ma and U-Pb zircon ages of 543 — 10 Ma and 30.04 — 0.56 Ma were obtained
for two gneiss samples and a metagranite in the Menderes Massif, respectively. U-Pb zircon
analyses yield crystallization ages of 21.7 — 1.0 Mafor the Koyunoba granite and 19.4 — 4.4 Ma
for the E rig z granite. A cooling age of 18.77 — 0.19 Mafor the E rig z granite was obtained
by Rb-Sr (whole rock, biotite) analyses. Field occurrences, geochemical characteristics and
geochronological data obtained from the E rig z and Koyunoba granites show close similarities
with other Oligo-Miocene granitoids in northwestern Anatolia indicating that they emplaced
along an E-W trending regiona magmatic belt and are not individual bodies related to local,

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

Keywords. E rigz granite « Koyunoba granite ¢ geochronology ¢ Menderes Massif e

geochemistry
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I ntroduction

The Cenozoic suture zone formed by the collision of the Tauride-Anatolide Block to the south,
and the Sakarya Continent to the north, crops out in the northwest Anatolia. The Anatolide-
Tauride Block underwent greenschist to blueschist-facies metamorphism in the Paleocene due to
the collision with the Sakarya Zone. During the collision, the Tauride-Anatolide Block was
internally sliced and converted into a south to southeast vergent thrust pile (Okay et al., 1996;
2005; Coallins and Robertson, 1998; Okay, 2004; Davis and Whitney, 2006; Whitney and Davis,
2006; Candan et a., 2005). In NW Anatolia, the regionally metamorphosed Menderes Massif
forms the continental basement. For the timing of metamorphism in the massif, from the south to
the north 35 — 5 Ma (Rb-Sr phengite-biotite), 40 Ma (Bozkurt and Sat r, 2000 and references
therein) and ~ 29-28 Ma (Catlos and "emen, 2005) ag es have been previously obtained. In the
overlying thrust pile, from south to north, two different tectonic belts are distinguished: (1) a
relatively high pressure and low temperature metamorphic zone, overlying the Menderes Massif,
the Afyon Zone (Okay et al., 1996; Okay, 2004; Candan et a., 2005) which was probably
metamorphosed during the Paleocene (Candan et al., 2005 and references therein) and (2) a high
pressure-low temperature metamorphic belt consisting of metaclastics and platform type
marbles, the Tav anl Zone (Okay, 1980; Okay et a., 1996; Okay, 2004; Davis & Whitney,
2006; Whitney & Davis, 2006). An internally sheared flysch, the Bornova Flysch Zone
tectonically overlies the Menderes metamorphic rocks along its northwest margin (Okay et d.,
1996) (Fig. 1). From west to east, the Oligo-Miocene Kestanbol, Evciler, Eybek, Kozak, Alaam,

Koyunoba, E rig z and Baklan granites form a NW-SE trending mag matic belt intruded into the
Sakarya Continent, the Menderes Massif, and different slices of the thrust pile separating these
two continental blocks (Altunkaynak and Y Imaz, 1999; Gen, 1998; Y Imaz et a., 2001,

Altunkaynak, 2007; Dilek and Altunkaynak, 2009; Karac k et a., 2007; Aydo an et a., 2008;
zgen and lbeyli, 2008; Akay, 2009; Has zbek et a., 2010) (F ig. 1).
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Fig. 1. Simplified geological map of western Anatolia and location of the study area. Modified

after Gen, (1998), Okay et al. (1996), Okay and Satr, (2000), Grer et al. (2009) (Gr:
granite).

In the Simav region, the tectonic contact separating the Menderes Massif, in the footwall, and the
Afyon Zone succession, in the hanging wall, has recently been defined as a regional detachment
fault (I k and Tekeli, 2001; | k et a., 2004; Seyito lu, et a., 2004; Ring and Collins, 2005).
The main evidences presented for this model are: (1) field mapping of a low-angle fault surface,
(2) structural data showing ductile deformation with low-angle top-to-NE sense of shear, (3)

synkinematic granite intrusions (E rig z and Koyunoba granites) into footwall rocks and (4)

40Ar /39Ar and U-Th-Pb (SIMS) data showing close age relationships between metamorphic host
rocks and undeformed granites (I k et a., 2004; Ring and Collins, 2005; Thomson and Ring,
2006). These age data were interpreted as unequivocal evidence for synkinematic granite

intrusions along this so-caled detachment fault. In these studies, radiometric age
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determinations, however, were limited and did not comprise certain mylonitic rocks surrounding
the undeformed E rigz and Koyunoba granites. On a regional scale, some contradictions
between these new and pre-existing age determinations appeared: Similar Miocene granites can
be found not only along the tectonic contact between the Menderes Massif and the overlying
tectonic dlices but also in the Menderes Massif itself, in the Afyon and Tav anl Zones and the
Sakarya Continent (Fig. 1). Some of these plutons were already investigated previously and
suggested to have been formed in a subduction-related setting (Altunkaynak and Y Imaz, 1998,
1999; Gen, 1998; Y Imaz et a., 2001). Akay (2009) presented detailed geologica maps and
field observations showing the cross-cutting intrusive contact relationship of these granites with
the Menderes Massif and the Afyon Zone. Besides, the author presented geologica and
geochemical data suggesting that these granites are very shallow seated bodies that intruded into
different tectonic dlices of the collison zone. Based on these observations, Akay (2009)
suggested that the E rigz and Koyunoba granites are not genetically rel ated to extensional
detachment faulting. So far, radiometric age determinations are lacking which would help to
clarify relationships between the undeformed E rig z-Koyunoba granites and the mylonitic

host rock associations.

Here we present new radiogenic age determinations on the samples taken close to the
endocontacts of the E rig z and Koyunoba granites to clarify if these und eformed granites are
genetically related to the hosting gneiss and metagranite or not. Following the geological
mapping of alarge area (~ 24 x 30 km) on 1/25.000 scale including the Egrig z and Koyunoba
granitic bodies, we evaluate the geochemica characteristics of the undeformed granites in
comparison with the hosting metagranites. Zircon ages were obtained from a metagranitic body
which was considered in earlier studies as the mylonitic upper part of the Egrig z and Koyunoba
granites (I k and Tekeli, 2001; | k et al., 2004; Seyito lu et a., 2004; Ring and Collins, 2005;
Thomson and Ring, 2006) and from the E rig z and Koyunoba granites. Our results show the
lack of any petrogenetic and age relation between the metagranitic body of the Menderes Massif
and the E rig z and Koyunoba granites.

Geological Framework
In the Simav region, the Menderes Massif forms the structuraly lowest association and is

tectonically overlain by nappes of the Afyon Zone. An ophiolitic melange nappe, the Da ard

melange, sits tectonically on top of this sequence. These three tectonic zones are intruded by
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undeformed granitic bodies and their subvolcanic phases, called the Simav Magmatic Complex
(Akay, 2009) and unconformably covered by middle-late Miocene flat-lying fluvial and
lacustrine sedimentary and subaerial volcanic rocks (Akdeniz and Konak, 1979a, b; Ercan et al.,
1979, 1984).

Menderes Massif

The Menderes Massif dominantly consists of greenschist-lower amphibolite-facies (Konak,
1982) metamorphic rocks of a gneiss-schist-marble association and metagranites (Fig. 2). The
gneiss-schist-marble association is characterized by banded-augen gneisses, biotite-rich gneisses
with white to bluish K-feldspar and quartz porphyroclasts set in a foliated quartz-feldspar-mica
matrix (Fig. 3a, b). With decreasing feldspar and quartz contents, the layered gneisses pass into
biotite schists which contain abundant almandine porphyroblasts. The gneiss-rich parts laterally
and vertically grade into biotite schists, quartz-mica schists, and muscovite-biotite schists.
Sporadic marble lenses are found in the metapelitic sequence. Tourmaline, chlorite, zircon,
titanite and apatite form accessory minerals in the schists. The gneiss-schist association which is
widely exposed in the southern and central Menderes Massif has been described as a part of the
Ediacaran-Cambrian (570-520 Ma) basement (Sat r and Friedrichsen, 1986; Kr ner and engr,

1990; Hetzel and Reischmann, 1996; Loos and Reischmann, 1999; Gessner et al., 2004; Koralay
et al., 2004).

The gneiss-schist-marble association is intruded by metagranites in the northern and central parts
of the study area (Fig. 2). The metagranites display homogenous foliation with preserved relic
igneous texture in some parts. Main minera association is elongated biotite, K-feldspar,
plagioclase, quartz, biotite, rare muscovite and rare hornblende (Fig. 3c, d). Thereis asignificant
difference between the gneiss-schist association and the metagranites from banded-augen texture
in gneisses to preserved igneous texture in metagranites along arelatively sharp intrusive contact
(Fig. 3). Along the contact zones the metagranites in some areas injected into the banded-augen
gneisses and biotite schists (Fig. 4). In places, the foliation planes of the metagranites have the
same orientation to those in the country rocks, but locally, a cross-cutting intrusive contact
relationship is observed (Fig. 4a, b). Close to the contact zone, there are aplitic and pegmatitic
dykes emplaced parallel to the foliation planes of the micaschists. Metagranites cutting the high-
grade gneisses (dominantly augen gneisses) and schists have already been documented in other
parts of the Menderes Massif (Akk k, 1983; Gessner et a., 2001; Candan, 1994; Bozkurt and
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Park, 2001). Amphibolite-facies metamorphic conditions have been suggested for the augen
gneisses and metapelites (Gessner et a., 1998) and prograde greenschist conditions for the
metagranites (Gessner et a., 2001).
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Afyon Zone

A metapelitic association and overlying Mesozoic recrystallized carbonates cropping out along
the northern border of the Menderes Massif around Simav was first mapped by Kaya (1972) and
Akdeniz and Konak (1979a, b). Kaya (1972) and Kaya et a. (1995) separated the metaclastic
lower part of this sequence from the surrounding units and defined it as an anchimetamorphic
zone situated between the Menderes metamorphic roc ks and the Tav anl ophiolite. Later, Okay
(1984) and Okay et al. (1996) named this sequence the Afyon Zone and defined it as a
tectonically sliced part of the Tauride-Anatolide Platform which is at present the most commonly
accepted definition for the unit. The Afyon Zone in our study area consists of a thick metapelitic
sequence at the base and thick platform type marbles in the upper parts.

Fig. 3. Photomicrographs showing the textural characteristics of the gneisses and
metagranites hosting the undeformed E rigz and Koyunoba granites. (a) augen, (b)
porphyroblastic texture in augen gneisses. (c) foliated, (b) primary granitic texture in
metagranites (bi: biotite, qu: quartz, mu: muscovite, Kf: K-feldspar, F: foliation).
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The metapelitic sequence is dominated by phyllites intercalated with recrystallized limestone
lenses. Bimodal metabasic-metarhyolitic lavas and accompanying volcanoclastic lenses
interlayer this sequence at different stratigraphic levels. Metarhyolites contain euhedra quartz
and feldspar porphyroclasts wrapped by mica. Basaltic lava flows and mafic tuffs accompany the
metapelites and metarhyolites mostly in the middle and upper parts of the Afyon sequence.
Chlorite, amphiboles and rare olivine are the main mafic, and plagioclase is the felsic minerals.
In tuffs, rock fragments accompany the mafic crystals. Akal et a., (2008) reported a 240.8 — 3.7
Ma (Middle Triassic) 2’Pb/*®Pb zircon evaporation age from a metarhyolite near E rigz
village and Late Triassic to Jurassic foraminiferas have been reported from the carbonates by
Kayaet al. (1995), Akay et a. (2007) and intek et a. (2007).

NNE

thin amphibolite

layer

biotite schists

Metagranite

Fig. 4b. Intrusive contact
cuts foliation planes

Fig. 4. (a) Cross section and (b) field photograph of the cross-cutting relation between
metagranites and high grade metamorphic rocks of the Menderes Massif (UTM 671728;
4354620). The metagranites clearly bisect the foliation planes of the schists. Dotted line shows
the intrusive contact and solid lines show the foliation planes of the mica schists in Fig. 4b.
For location of photograph see Fig. 2a.

Low temperature-high pressure metapelites and carbonates of the Afyon Zone directly overlay
different levels of the high temperature-low to medium pressure metamorphic rocks of the
Menderes Massif along a low-angle tectonic contact. Along this contact, Afyon Zone rocks
obliquely cut the foliation planes and linear structures of the underlying Menderes metamorphics
(Akay, 2009).
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Da ard Melange

In the northernmost part of the study area, an internally sheared ophiolitic melange directly
overlays the metarhyolites, metapelites and limestones of the Afyon Zone aong a low-angle
fault. Thisunit is called the Da ard Melange by Akdeniz and Konak (1979a), and represents the
southernmost continuation of the Tav anl Zone of Okay et al. (1996). Late Cretaceous
foraminiferas have been determined from the limestone lenses (Akdeniz and Konak, 19793, b;
Konak, 1982), and late Cretaceous-early Paleocene ages were obtained from the matrix of the

ophiolitic melange in the westernmost part of Anatolia( zer and rtem, 1982).

Smav Magmatic Complex

The Simav Magmatic Complex consists of two large granitic plutons which intruded into the
stacked nappe packages of the Menderes Massif and Afyon Zone. The complex is composed of
two petrographically and geochemically similar NNE-trending granitic bodies (E rigz and
Koyunoba) and a small volume of subvolcanic rocks (Akay, 2009). The E rig z and Koyunoba
granites are two of the largest granites in western Anatolia (Figs. 1, 2) and granitic to
monzogranitic-granodioritic in composition. Along the periphery, fine microgranitic chilled
texture is characteristic which, inward, changes into coarser holocrystaline texture and, in
places, into coarse porphyritic texture with K-feldspar phenocrystals up to 3 cm in length (Fig.
5). No deformation is observed along the intrusive contact. Undeformed aplites, 2 to 30 cm thick,
cut both the granites and metamorphic host rocks. Euhedral to subhedral orthoclase (20-25 %),
plagioclase (30-35 %), quartz (20-25 %), biotite (5-10 %), and hornblende form the main mineral

association; zircon and tourmaline are found as accessory phases.

The E rig z and Koyunoba granites cut various units of th e Menderes Massif and the Afyon
Zone (Figs. 2, 6). Around the granites, a 10 to 200 m wide contact metamorphic aureole is
locally observed. In different aureoles of this zone, Albayrak (2003) documented a mineral
association consisting of pyroxene, plagioclase, garnet, rare sillimanite and staurolite, orthoclase,
biotite, phlogopite, sphene, apatite, chlorite and quartz. Based on this mineral association and
limited extension of this contact metamorphic zone, Albayrak (2003) concluded that the contact

metamorphism occurred in arelatively shallow crustal environment.
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At those places where the Koyunoba and E rig z granites cut the foliated metagranites and
gneissic granites of the Menderes metamorphics, undeformed microgranitic textures at the
periphery and a steeply dipping boundary cutting the foliation planes of the foliated metagranites
(Fig. 6a, b) are developed. An approximately 5 km-long and 2 km-wide body of metapelite was
intruded and swallowed by the E rig z granite (Fig. 6¢c, d). Along the intrusive con tact aplitic
dykes cut the chloritized and silicified metapelites. The map view (Fig. 2) and intrusive contact
relation indicate that during granite emplacement the metapelite collapsed and settled into the
granite as a roof pendant. Field characteristics of this contact relationship were documented by
Akay (2009). Summarizing, the geological evidence presented here show that the E rig z and

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

from the country rocks and alarge roof pendant in their center.

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

Cover units

Neogene continental sedimentary and volcano-sedimentary cover units overlie the strongly
eroded surface of the underlying successions (Fig. 2). In the study area, they are composed of
coarse-grained conglomerates, sandstones and shales, andesitic-rhyodacitic to rhyolitic tuffs or
lavas of Middle-Late Miocene age (Akdeniz and Konak, 1979a, b; Ercan et al., 1979, 1984).
Miocene conglomerates also overlay central parts of the E rig z granite indicating that, before

their deposition, the granite was aready exposed to the surface.
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Egrigoz gra ? -

Fig. 6. (a-b)Undeformed E rig z granite crosscutting the foliation planes of the high grade
Menderes metamorphic rocks. A significant difference from undeformed to metamorphic
texture is seen along the contact. The white squared area in (a) is zoomed in (b) (UTM
680832; 4328816). () A large body of the Afyon Zone metapelite swallowed by the E rig z
granite (Akay, 2009) (d) intrusive contact with Afyon Zone along the eastern contact of the
E rigz granite. Dashed lines show foliation planes and dotted lines show the intrusive

contact. For locations of photographs, see Fig.2a.
Previous Work on Geochemistry and Geochronology

Geochemica features of the Oligo-Miocene granitic suites in NW Anatolia including the
E rig z and Koyunoba granites were documented in detail Akay (2009). In previous studies, the
metagranites of the Menderes Massif were interpreted as the sheared upper part of the E rigz
and Koyunoba granites (I k & Tekeli, 2001; | k et al., 2004) therefore, a close geochemically
relation between the granites and the metagranite should be expected. Prior to this study the

40 39
following age information from the area was available (Table 1): a) Ar/ Ar micaages obtained
from the shear zone (22.86 — 0.47 Ma) and E rig z granite (20.19 - 0.28 Ma) (I k et a., 2004),
b) U-Th-Pb (SIMS) zircon ages obtained from the Koyunoba granite (21.0 — 0.2 Ma), E rigz
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granite (20.7 — 0.6 Ma) and a leucogranitic dyke of the Menderes Massif (24.4 — 0.3 Ma) (Ring
and Coallins 2005), c) (U-Th)/He apatite and zircon fission track ages (ca. 28-14 Ma) of the post-
collisiona extension-related intrusions (Thomson and Ring 2006) (Table 1). Recently, Bozkurt
et a. (2009) presented a Rb-Sr mica age of 14.5-12 Ma from the postulated Simav detachment
fault surface. The age gap (7-8 Ma) between the intrusion age of the E rigz pluton and the
activity of the detachment fault casts some doubt on a genetic relation between the extensional

regime in western Anatolia and granite intrusion.
Analytical M ethods

Magjor, trace and rare earth element analyses for metagranite samples were carried out in Acme
Analytical Laboratories Ltd (Vancouver, Canada) by ICP-AES (Inductively Coupled Plasma
Atomic Emission Spectrometry), and ICP-M S (Inductively Coupled Plasma Mass Spectrometry).
SO-17/CSB standard was used for magjor oxide analyses, and SO-17 and DS-4 for trace element
analyses. Accuracy in magjor oxides is < 0.02 and in trace elements < 0.10. Detailed information
about anal ytic methods can be found in Akay (2009).

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

Zircon separation by sieving, wet shaking table, magnetic separator, and heavy liquids was
performed at the Dokuz Eyl | University, Engineering Faculty, Department of Geological
Engineering (Izmir, Turkey). Zircons were hand-picked and classified under a binocular
microscope based on their morphology and prepared for cathodoluminescence images in the
SEM laboratory of the T bingen University. Geochron ological analyses were carried out at
T bingen University. Chemically abraded zircons (Mattinson, 2005) of metagranite and
unabraded zircons of the E rig z and Koyunoba granites were washed in 6N HCI and ultra clean

water before isotope dilution. All zircons were spiked with a 205Pb-235U tracer solution. The
details for wet-chemical analytical procedures are described in Chen and Siebel (2004). U-Pb
analyses were performed on a Finnigan MAT 262 mass spectrometer with NBS 981 as standard
material. The PBDAT programme was used for evaluating U-Pb analytical data (Ludwig, 1988)
and the Isoplot programme for calculating the discordia lines (Ludwig, 2001). For more details
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about analytical methods and chemical procedures of U-Pb isotope analyses, the reader is

referred to Chen et a. (2000, 2002).

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

Rock Type Mineral M ethod Ageresult Reference
atite 1504 - 01 to
P 1457-0.11 Ma
Granite (E rig 2)
Zircon 229-1.610 205
—-15Ma
(U-Th)/He and Thomson and Ring, (2006)
. Fission track 1491 — 024 to
gpatite 14.69-0.11 Ma
Granite (Koyunoba)
Zircon 28.8—-2.0t0 23.7
-19Ma
Granite (E rig 2) 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 (E rig 2) biotite 20.19-0.28 Ma
N _ OArPAr | ketal., (2004)
Mylonitic eSS uscovite 22.86-0.47 Ma
(E rig2)
Granite (E rig 2) zircon 19.4-4.4Ma
U-Pb isotopic
Granite (Koyunoba) zircon dilution P 21.7-1.0Ma
Metagranite . _ this study
(Menderes Massif) zircon 30.04 -0.56 Ma
Graniite (E rig 2) biotite, a7y segy 18.77-0.19 Ma
whole rock
Gneiss Zircon "Pp/*®Ph ~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 composition from the metagranite body of the
Menderes Massif

Sample 1271 1285 1299 1313b 1340 1267 1312a 220 1433 222 1416
Sio2 66,16 6534 6547 66,2 6833 6656 7314 7239 6907 6931 7214
Al203 1621 1534 1619 1638 16 1609 1417 1478 1604 1554 14,82
Fe203 4,02 58 431 38 354 394 1,26 2,13 2901 3,05 216
MgO 1,48 2,88 1,57 1,32 1,12 15 035 0,53 08 0,92 051
Cao 379 15 373 373 3,68 3,65 1,51 1,83 2,82 2,19 1,94
Na20 316 321 3,06 328 333 314 274 332 4,07 31 345
K20 318 314 34 322 3,06 318 58 3,49 281 3,93 3,39
Tio2 0,46 0,95 05 042 037 0,44 014 027 034 035 027
P205 027 0,24 03 0,24 0,19 027 024 0,05 018 0,32 011
MnO 0,07 0,06 0,07 0,07 0,08 0,07 0,02 0,03 0,05 0,06 0,02
Cr203 0003 0011 0001 <.00l <.00l <.0001 <.001 <.0l 0001 <.00l <.0L
Lol 09 14 1,1 1 01 09 05 1 07 1 1
total 9987 9994 998 9985 9992 9989 9997 9995 999 9993 99,95
Ba 1514 585 1585 1681 1090 1417 894 1190 o71 1417 1180
sc 7 14 7 6 5 6 4 3 3 5 3

Co 6,1 124 6,6 51 51 56 1,2 23 31 45 2

Cs 57 39,5 36 39 49 46 42 27 4 57 22
Ga 20,5 24,3 20,1 21,3 19,1 20,4 16,6 202 19,9 229 19,3
Hf 46 53 41 34 42 46 36 45 29 44 38
Nb 16,2 12,7 15,7 14,6 12,9 19,4 20,7 10,3 87 17,1 96
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

s 808 149 847 811 569 760 345 432 668 489 451
Ta 15 09 1,4 13 13 21 68 08 09 21 08
Th 21,2 86 133 16,9 16,9 12,6 14,7 154 84 254 16,3
u 73 24 33 22 38 57 6,1 21 32 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 36,3 339 10,7 10,1 233 14,5
La 61,6 325 394 63,4 46,9 36,7 19,4 44,3 31,7 61,6 45
Ce 106 65,3 72,2 107 839 66,7 384 80,7 57,2 106 81,6
Pr 11,55 7,63 75 11,04 923 747 4,19 8,94 6,17 11,04 897
Nd 40,9 30,2 27,1 37,8 35 26,3 151 332 24,5 39,8 32,7
Sm 77 6,6 5 63 59 6,1 43 6 49 78 64
Eu 1,47 1,47 1,1 1,21 1,26 1,34 081 1 0,78 1,17 0,99
Gd 531 5,96 3,63 384 4,45 4,63 343 35 327 4,54 3,65
Tb 077 0,87 0,55 06 0,66 0,92 0,78 051 0,39 0,76 0,54
Dy 392 4,94 313 335 381 5,03 432 2,23 1,9 3,59 247
Ho 075 0,99 057 0,63 0,67 1,06 0,85 03 033 0,61 037
Er 227 274 1,69 1,82 1,83 2,97 261 057 0,67 1,72 1,06
Tm 031 042 027 0,29 032 0,46 041 01 013 0,28 0,19
Yb 235 29 1,76 1,99 1,93 334 335 0,58 07 1,68 0,84
Lu 037 043 027 027 032 0,46 047 0,07 0,08 0,24 0,09
Zn 48 69 51 162 43 47 15 33 37 43 33
Ni 2 382 27 22 1,7 27 06 18 18 19 21
(LalYb)en | 188 8,0 16,1 22,9 17,4 79 42 54,8 325 26,3 384
(GdiYb)en | 1,9 17 1,7 16 1,9 11 08 50 39 22 36
EWEU 07 07 08 08 08 08 06 07 06 06 06
ASI 1,0 13 1,0 1,0 1,0 11 1,0 12 1,1 12 1,2

LOI: Loss on Ignition; ASI (Alumina Saturation Index) = molar [Al,04/(Na,O+CaO+K,0)]; EW/EuU*=
[Eue/(Smen* Gder) 7] ; oxides are given in weight percentage, trace elements are in ppm.
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For Rb-Sr analyses, biotite (200-300 m) and powdered whole rock were spiked with a 85Rp-
845 mixed tracer solution and dissolved in HF and HCI Og4. The ion exchange chromatography
procedure was applied for separating Rb and Sr from the sample solutions. Rb and Sr isotope

anayses were carried out on a Finnigan MAT 262 mass spectrometer. Sr was measured on a
single W filament with a TaHF activator and Rb was measured in double filament

configuration. The NBS 987 Sr-standard yielded a 8751/865 ratios of 0.710259 — 10. The input
error for age calculations is -1 % (2 ) for the 87R0/86sr ratio and -0.03 % (2 ) for the

875¢/865; ratios. Regression lines were calculated by the least squares cubic method of York,
(1969) using the ISOPLOT software of Ludwig (1988).

For zircon evaporation (Kober, 1986), single zircon grains were embedded in a 0.7 mm wide Re-
filament and measured on double filament configuration on a Finnigan MAT 262 mass
spectrometer by dynamic ion counting mode in the mass sequence of 206-207-208-204-206-207.
The age error on each temperature step is calculated according to formula given in Siebel et al.
(2004) (Table 3). Details for the single zircon evaporation technique can be found in Okay et a.
(1996), Chen et al. (2000), Siebel et a. (2003), and Koraay et al. (2004).

Results
Geochemistry

Eleven representative samples from the metagranites were analyzed. Mgjor, trace and rare earth
element composition of metagranites are presented in Table 2. The SiO; ratios range from 65.34
% to 73.14 %, Al,O3 from 14.17 % to 16.38 %, CaO from 1.50 % to 3.79 %, Na,O from 3.06 %
to 4.07 % and K,0 from 2.81 % to 5.80 %. Negative correlation between TiO,, MgO vs. SIO;,
content are similar in metagranites and undeformed granites (Fig. 7), but the metagranites define
different (paralel) trends. Similarly, Ba, Rb and V contents in metagranite samples are
remarkably different from the samples from E rig z and Koyunoba granites (Fig. 7). Although,

the undeformed granites are clearly I-type in nature (Akay, 2009), ASI values of most of samples
from metagranites indicate an S-type affinity (Table 2). Chondrite- and primitive mantle-
normalized REE patterns of the metagranite and undeformed granites also indicate differences
between these magmatic bodies (Fig. 8). Compared to the REE patterns of the undeformed
granites, the metagranites are more enriched in light rare earth elements (LREE) ([La/Yb]y = 8-
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38.4), and less enriched in heavy rare earth elements (HREE) ([Gd/Yb]n = 0.8-5.0). Besides,

negative Eu anomalies observed in the undeformed granites are not seen in the metagranites (0.6

<EuWEU* <0.8 (Fig. 8).

MgO  (wt %) TiO, (wt %)

Rb  (wt %)

Fig. 7. Harker-type variation diagrams of the samples from the E rigz and Koyunoba
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Fig. 8. (&) Chondrite- and (b) primordial mantle-normalized REE patterns of E rigz
Koyunoba granites and metagranites. Normalized values are after Taylor and McLennan

(1985).

Geochronology

207 206
Pt/ Pb zircon evaporation age data of a gneiss sample and U-Pb isotopic dilution zircon data

from a gneiss and a metagranite from the Menderes Massif, the E rig z and Koyunoba granites
are given in Tables 3, 4 and Figs. 9, 10. Transparent zircon grains free of inclusions and cracks
were chosen for analyses. Mineral composition of the measured gneiss samples from the
Menderes Massif is characterized by the paragenesis quartz, K-feldspar, plagioclase, biotite and
muscovite. Biotite is rarely atered to chlorite in this sample. The dated metagranite of the
Menderes Massif is mainly made up of quartz, K-feldspar, plagioclase, biotite and — muscovite.
The analyzed E rig z and Koyunoba granites contain orthoclase, pla gioclase, quartz, biotite, and

hornblende with zircon, titanite as mainly accessory minerals.

Augen gneiss (sample no. 729): Dated colorless zircons present a homogeneous interna

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

207 206 . . . . 207 206
were selected for  Pb/  Pb evaporation (Fig. 9a, b). Thegrainsgive Pb/  Pb ages of 606.6 —
3.1 Ma (729-4), 565.3 — 3.6 Ma (729-1), 552.2 — 3.0 Ma (729-3), and 551.1 — 4.6 Ma (729-2)
(Table 3).
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Table 3. Zircon evaporation data for a gneiss sample (729) of the Menderes Massif

Mode of Evaporation  No. Mean value 2Pb/Pb™®

Sample Grain no & characteristics measur ement tgmperature of 207pp2%pp age (Ma)
(&©)] scans .
ratios -2
1 =~ 63125 m, medium long, subround, prismalic, |- qonamic 1400 114  0058950-21 565.3-3.6
yellowish
2 63-125 m, medium long, subround, prismatic, )
Gnaiss brownish IC, dynamic 1420 114 0.058568 -27 551.1-4.7
(729
$ 63125 m, medium long, subround, pSTAC, o gynamic 1420 418 00585%-17 552.2-30
yellowish
4 63-125 m, medium long, subround, prismatic, IC, dynamic 1400 304 0.060081—18 606.6—3.1

yellowish

Error calculation formulais below:

Nage = 20 2+Af2
Jn

(n): number of 2°’Pb/?®Ph isotope ratio scans; (2 ): the 2sigma standard error of the Gausian distribution function of 2"Pb/*®Pb
ratios; (Af ): an assumed error of 0.1% which includes potential bias caused by mass fractionation of Pb isotopes and
uncertainty in linearity of the multiplier signal

Augen gneiss (sample no. 739): Prismatic, sub-idiomorphic, long and thick zircon crystals from
the augen gneiss show well-defined oscillatory zoning typical of magmatic zircon (Fig. 9c, d).
Five zircon fractions define a discordia and regression of these data points, anchored at the
origin, yields an upper intercept age of 543 — 10 Ma (MSWD=2.9) and alower intercept age of -
36 — 28 Ma which might be attributed to Pb-loss (Fig. 10a). It should be noted that Koralay et al.
(2004) obtained zircon evaporation ages between 570-520 Ma from augen gneisses of the central
Menderes Massif and Gessner et al. (2004) reported a 2°’Pb/*®Pb zircon evaporation age of
547.2 — 1.0 Mafrom metagranites of the southern Menderes M assif.

Metagranite (sample no. 737A): Zircon grains from the metagranite in the Menderes
metamorphic rocks show clear prismatic morphology and oscillatory zonation in
cathodoluminescence (CL) images and inherited (or pre-magmatic) cores are absent (Figs. 9e, f).
Six zircon fractions from this sample were analyzed by the U-Pb isotopic dilution method (Table
3). Three zircon fractions plot close to the concordia curve at 30 Ma, but two of them are dlightly
discordant. All fractions define a discordia with a lower intercept age of 30.04 —0.56 Ma and an
upper intercept age of 1.8 Ga (MSWD=2.9). The upper intercept age is mainly defined by one
fraction. Excluding the youngest zircon fraction, which is expected to have suffered some lead
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loss (Fig. 10b, c), the other four fractions yield an age of 30.28 —0.24 Mawhich is still identical,
within error limits, with the age of the total data set. This age is interpreted as the crystallization
age of metagranite (Fig. 10b, c).

E rigz and Koyunoba granites (sample no. 1212, 1211): Dated zircon grains have well-
preserved euhedral transparent to translucent crystals of various sizes. CL images exclusively
show oscillatory zoning typical for magmatic zircons and no sign of inheritance in CL images
(Fig. 9g-j). Nine zircon fractions from the E rig z granite and five from the Koyunoba were
selected for U-Pb isotope analyses (Fig. 10e-g; Table 3). All zircon fractions of the E rigz
granite (1212) plot along a discordia line with a lower intercept age of 19.3 — 4.4 Ma and an
upper intercept age of 562 — 72 Ma (Fig. 10f), but with a high MSWD vaue (ca. 33). However,
the lower intercept age is almost identical to the age of the youngest concordant zircon fraction
(ca. 19 Ma) and this allows us to assume that this age is close to the crystallization age of the
E rig z granite. Similarly, a lower intercept age of 21.7 — 1.0 Ma and an upper intercept age of
556 — 93 Ma (MSWD=0.48) were obtained from five zircon fractions of the Koyunoba granite
(Fig. 10d, e). The lower intercept age is interpreted as the crystallization age of the Koyunoba
granite at about 22 Ma. The upper intercept ages of these granites (562 — 72 Ma; 556 — 93

207 206
Ma) show close similarity with the U-Pb zircon age (Fig. 10a) and Pb/ Pb ages of the
gneisses of the Menderes Massif (Table 4) suggesting that the magma of the E rigz and

Koyunoba granites were derived from similar sources

Rb-S data

8" Rb/®sr (biotite-whole rock) data were obtained from the E rig z granite (1212) and the results
aregiven in Table 5. Biotite contains 1113.1 ppm Rb and 5.85 ppm Sr (Table 5). Whole rock and
biotite from the E rig z granite define an isochron age of 18.77 — 0.1 9 Ma (Table 5). The

closure temperature interval for Sr-diffusion in biotite is estimated as 350 - 450°C (Jenkin et al.,
2001; Giletti, 1991) and the biotite-whole rock age, determined here, most likely represents the
cooling age of the E rig z granite through this temperature interval.

36



Table 4. U-Pb isotopic data from gneiss (739), metagranite (737A), E rig zgranite (1212) and Koyunoba granite (1211).

Atomicratios

Mean ages (M a)

Sample
p 206Pb/204pb U (ppm) Pb* (ppm) 208Pb* /ZOGPb* 206Pb* /238U 207Pb* /235U 207Pb* /ZOGPb* ZOGPb* /238U 207Pb* /235U 207Pb* /206Pb*
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 1018.3 122 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 - 31 417.5 440.9 565.1
739-5 11620 727.7 395 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
M etagranite
737A-1 220770 2542 12 0.10 0.00472 -29 0.03042 - 44 0.04665 - 60 304 30.4 317
737A-2 246360 1523 7.4 0.16 0.00491 —-45 0.03321-113 0.04903 -115 315 331 149.6
737A-4 78394 1734 8.3 0.10 0.00486 — 37 0.03301-87 0.04921 -12 31.2 329 157.9
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 2008 9.7 0.09 0.00469 — 29 0.03016 —67 0.04663 - 97 30.1 30.1 30.5
E rigz granite
1212-1 80838 1996 6.4 0.08 0.00324 -18 0.02132 - 22 0.04652 - 40 21.3 21.4 24.9
1212-2 56176 2008 12.7 0.11 0.00425 - 32 0.03051-77 0.05207 - 12 27.3 305 288.5
1212-3 62044 3317 13.1 0.11 0.00397 — 22 0.02549 - 31 0.04654 - 49 255 25.5 26.1
1212-6 36961 6829 110.2 0.21 0.01473 -85 0.11525 - 86 0.05671 -25 94.7 1109 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 5.3 0.10 0.00291 -18 0.01867 — 65 0.04641 - 156 18.7 18.7 19.3
Koyunaoba granite
1211-1 24832 5485 28 0.05 0.00382 —45 0.02450 — 155 0.04652 — 28 24.5 24.9 64.3
1211-2 40420 1146.3 39 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 — 28 216 225 121.2
1211-4 62252 100.4 1.1 0.05 0.01186 - 63 0.09540 - 74 0.05829 - 31 759 88.4 442.6
1211-5 20868 893.2 27 0.08 0.00321-25 0.02059 - 78 0.04642 - 17 20.5 20.5 225
1211-6 6713 2145 0.79 0.13 0.00366 — 42 0.02372-25 0.04692 - 48 235 23.6 33

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

*radiogenic; grain size varies from 80-180 m



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

(737A) -Metagranite, Menderes (1211) Koyunoba
Massif- aranite-

Fig. 9. Cathodoluminescence images of zircon grains from (a-b) augen gneiss (729), (c-d)
augen gneiss (739) (e-f) metagranite (737A), (g-h) Koyunoba granite (1211), (i-j) E rigz
granite (1212). All zircon grains are prismatic, idiomor phic and show magmatic zonation.

Discussion

Two emplacement models exist for the early Miocene granites of the northern Menderes
Massif. One model suggests that the granites were derived from melting of an abnormally
thickened crust during a compressional tectonic regime (Gen, 1998; Altunkaynak and
Y Imaz, 1998; Karack and Y Imaz, 1998; Y Imaz, 1997; Y Imaz et d., 2001). An aternative
model suggests that the granites emplaced syn-kinematically in the footwall of an extensional
detachment fault (I k and Tekeli, 2001; | k et a., 2004; Seyito Iu et al., 2004; Ring and
Collins, 2005; Thomson and Ring, 2006). Since similar Ar/Ar ages were obtained for the
undeformed granites and the surrounding metagranites, the metagranites were suggested to be
the mylonitized upper parts of the undeformed granitic plutons and this suggestion has
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become one of the strongest evidence for the postulation of a regional detachment fault
separating the Menderes metamorphic rocks from the overlying tectono-stratigraphic units in
NW Anatolia
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Fig. 10. U-Pb concordia diagram for (a) augen gneiss (739) five zircon fractions define a
discordia line with an upper intercept age of 543 — 10 ma, (b-c) metagranite (737a). Five
zircon fractions define a discordia line with a lower intercept age of 30.04 — 0.56 ma, (d-€)
e rig z granite (1212). Lower discordia line intercepts at 19.3 — 4.4 ma, (f-g) koyunoba
granite (1211). Four zrcon fractions give a well defined lower discordia intercept age of
21.7 — 1.0 ma. For sample locations, seefig. 2a.
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Table 5. ¥Rb/*Sr data for whole-rock and biotite from a sample of the E rig z granite
(1212) (m: measured; i: initial ratio)

Sample Rb (ppm) S (ppm) ¥Rb/ASr ¥sr/sr(m)  FSr/sr (i) Age (Ma)

wholerock 225.7 235.7 2.77 0.710543-10

biotite 11131 5.85 558.24 0.858593-07  0.70980 - 21 18.77-0.19

The new U-Pb age data, presented in this study, give a ca. 10 Ma age difference between the
crystallization age of the undeformed granites (19.3 — 4.4 Ma; 21.7 — 1.0 Ma) and the hosting
metagranites (30.04 — 0.56 Ma) (Fig. 10). Besides, Catlos and "emen (2005) presented

monazite ages of ~ 29-28 Ma from gneisses of the G rdes Massif indicating that
metamorphism and the intrusion of the metagranite are closely related in time. In addition to
the new age data, the metagranites in the Simav region bear geochemical features of S-type
granites (Table 2) whereas the E rig z and Koyunoba granites are clearly I-type in n ature.
The S-type nature is also characteristic for metagranites and gneissic granites in other parts of
the Menderes Massif (Bozkurt et a., 1995; Koralay et al., 2004), whereas other undeformed
plutons of NW Anatolia (Ezine, Evciler, Kozak, Ala am, Baklan) (Fig. 1) are exclusively I-

typein nature.

Several well-studied early Miocene granites have been suggested to represent shallow-seated
intrusions (Gen, 1998; Karac k and Y Imaz, 1998; A ltunkaynak and Y Imaz, 1999; Has zbek

et a., 2009). The E rig z and Koyunoba granites show similar geological and mineralogical
features and are identical in ages with the other plutons from the Miocene magmatic belt. Our
Rb-Sr biotite age (18.77 — 0.19 Ma) and the U-Pb zircon ages (21-19 Ma) suggest that the
metagranites and gneisses were already cold during the emplacement of the E rigz and

Koyunoba granites. Change from microgranitic to coarser holocrystalline texture from the
periphery to the centre, large amount of xenoliths from the country rocks along the contact,
presence of roof structure in the central part of E rig z pluton may indicate a shallow crustal

emplacement and rapid cooling (during approximately 2-1 Ma). The contact metamorphic
mineral association around the E rig z granite also suggests a shallow crustal empla cement
depth (Albayrak, 2003). Al-in-hornblende barometry carried out on the Alaam granite which
is westward continuation of the E rigz and Koyunoba granites (Has zbek et al., in pr ep.)
indicates 3-6 km depth of emplacement. Ductile behavior related to a detachment fault
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causing mylonitic deformation at the periphery of undeformed granites, would not be

expected in such arelatively cold shallow environment.

The data, presented above, indicate that the metagranites and the undeformed E rig z and
Koyunoba granites are not genetically related to each other. The close correspondence of the
Ar-Ar muscovite ages obtained from the metagranites (22.86 — 0.47 Ma) and undeformed
E rigz granite (20.19 — 0.28 Ma) (I k et a., 2004), however, does not support this

conclusion. If the temperature was above 350 - 450 OC (Giletti, 1991 and Jenkin et al., 2001)

the Miocene granite intrusions might have reset the mica ages of the metagranites. Given the

high closure temperature for Pb in zircon, (900- 1000 OC, Cherniak and Watson, 2001), the U-
Pb zircon age (30.04 — 0.56 Ma) more likely reflects the crystallization age of the metagranite.

Bozkurt et a. (2007) and Bozkurt et a. (in review) have been recently presented Rb-Sr ages
for brown and green biotite of 14-12 Mafrom the fault surface south of Simav. These authors
suggest that the so-called Simav detachment fault was active during late Miocene time. The
mica ages would imply that the E rigz and Koyunoba granites predate fault activity and

were not synkinematically emplaced aong this fault.

Conclusions

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

Along the northern margin of the Menderes Massif, early Miocene I-type, calc-akaline
granites (E rig z and Koyunoba) and their subvolcanic-volcanic equivalents form a NW-SE-
trending magmatic belt that stitches different collision-related tectono-stratigraphic units of

the Menderes Massif, the Afyon Zone and the tectonic contact between these units.

A previously suggested genetic relation between the early Miocene granites and the hosting
metagranite is inconsistent with our geochemical and geochronological data.

The E rigz and Koyunoba granites crystallized about 22-19 Ma ago and cooled down
rapidly (18.77 —0.19 Ma) below the Rb-Sr biotite closure temperature.
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207 206
Pb/ Pb zircon evaporation ages (607-551 Ma) and a U-Pb zircon age (543 — 10 Ma) from

Menderes gneisses closely agree with U-Pb upper intercept ages (562 — 72 Ma; 556 — 93 Ma)
of zircons from the E rig z and Koyunoba granites suggesting that the two granites were

either derived from, or experienced significant contamination from the Menderes Massif.

207 206
Besides, our new  Pb/ Pb evaporation data and U-Pb zircon ages given in this study from
Simav region are identical with previous radiogenic age data from the gneissic rocks of the

Menderes M assif.

U-Pb zircon ages imply ca. 10 age difference between the undeformed E rig z and Koyunoba
granite and the metagranites. Thus, the metagranites are not the sheared equivaents of the
undeformed granites. More likely, they represent magmatic bodies metamorphosed during the

main Menderes metamorphism.

Granite emplacement (E rig z and Koyunoba) related to a low angle detachme nt fault is not

supported by our new geochronological and geochemical data.
Acknowledgements

This study was financially supported by the Scientific and Technical Research Council of
Turkey (TUBITAK) (project no: YDABAG-101Y 014) and Dokuz Eylul University, Scientific
Research Projects Foundation (project no: 02. KB. FEN. 038). A. Okay, O. Candan, T.
Gngr, E. Koraay, C. Aka, and K. Akbayram are th anked for their helps and discussions
during field work. N. no lu is thanked for editing the English text. H. Schulz Institute of
Geoscience, T bingen is thanked for CL analyses. C. Shang, G. Bartholom and E. Reitter,
Department of Geochemistry, T bingen University, ar e thanked for technical help.

References

Akal, C., Candan, O., Koralay, O.E., Okay, .A., Oberhndi, R., Chen, F., 2008. Afyon
Zonu ndaki erken Devoniyen asidik magmatizmaya ait jeolojik, jeokimyasal ve jeokronolojik
n bulgular. 61th Geol Congr Turk, Abstracts, 204-2 07

Akay, E., 2009. Geology and petrology of the Simav Magmatic Complex (NW Anatolia) and
its comparison with the Oligo-Miocene granitoids in NW Anatolia; implications on Tertiary
tectonic evolution of the region. Int J Earth Sci, 98:1655 1675.

42



Akay, E., Has zbek, A., Erdo an, B., 2007. Emet (K tahya, KB Anadolu) evresinde Afyon
Zonu nun stratigrafisi ve tektonik konumu. Cukurova University, Geology Symposium,
Abstracts, 179-180

Akdeniz, A., Konak, N., 1979a. Geology of Simav-Emet-Tav anl -Dursunbey-Demirci area.
Report of the Mineral Research and Exploration Institute 108 p (in Turkish with English
abstract)

Akdeniz, N., Konak, N., 1979b. Rock units of the MM and setting of the metabasic and
metaultramafic rocks around Simav. Geol Soc Turk Bull 22: 175-184

Akk k, R., 1983. Structural and metamorphic evoluti on of the northern part of the Menderes
Massif: new data from the Derbent area and their implication for the tectonics of the massif. J
Geol 91: 342-350

Albayrak, O., 2003. Genetic investigation of polymetalic mineralizations along the northern
and western border of the E rig z Massif (Tav anl , K tahya). Definition of the geodynamic
conditions of E rigz Massif. MSc Thesis, Dokuz Eylul University. 90 p (in Turkish with
english abstract)

Altunkaynak, ., 2007. Collision-driven slab breakoff magmatism in Northwestern Anatolia,
Turkey. J Geol 115: 63-82

Altunkaynak, ., Y Imaz, Y., 1998. The Mount Kozak magmatic complex, Western Anatolia.
JVolcanol Geotherm Res 85: 211-231

Altunkaynak, ., Y Imaz, Y., 1999. The Kozak pluton and its emplacement. Geol J 34: 257-
274

Aydo an, M.S., ‘oban, H., Bozcu, M., Aknc, ., 2008. G eochemica and mantle-like
isotopic (Nd, Sr) composition of the Baklan Granite from the Muratda Region (Banaz,
U ak), western Turkey: Implications for input of juvenile magmas in the source domains of
western Anatolia Eocene Miocene granites. J Asian E arth Sci 33: 155-176

Bozkurt, E., Sat r, M., 2000. The southern Menderes Massif (western Turkey): geochronology
and exhumation history. Geol. J. 35: 285-296

Bozkurt, E., Park, R.G., 2001. Discussion on the evolution of the southern Menderes Massif
in SW Turkey asrevealed by zircon dating. Geol Soc, London 158: 393-395

Bozkurt, E., Winchester, JA., Park, R.G., 1995. Geochemistry and tectonic significance of
augen gneisses from the southern Menderes Massif (West Turkey). Geol Mag 132, 287-301.
Bozkurt, E, Sat r, M., Crowley, Q.G., 2007. Rb-Sr Mica, Laser Ablation ICP-MS and Pb-
Pb evaporation zircon ages from the Menderes Massi f. Colloquium of the Menderes Massif,
in honour of O. zcan Dora, zmir, Extended Abstracts Book, 32-33

Bozkurt, E., Sat r, M., Bu dayc o lu, ., 2010 (in review). Rb-Sr geochronology of th e Simav
detachment fault and its tectonic implications for the evolution of the northern Menderes
Massif (Western Turkey). Tectonophysics

Candan, O., 1994. Petrography and metamorphism of the metagabbros at the northern part of
Ala ehir; Demirci-G rdes submassif of Menderes Massif (in Turkish with English abstract).
Geol Soc Turkey Bull 37: 29-40

Candan, O., "etinkaplan, M., Oberh ndli, R., Rimmel e, G., Akal, C., 2005. Alpine high-
P/low-T metamorphism of the Afyon Zone and implications for the metamorphic evolution of
Western Anatolia, Turkey. Lithos 84: 102-124

43



Catlos, E.J., 'emen, ., 2005 Monazite ages and the evolution of the Menderes Massif,
western Turkey. Int J Earth Sci 94: 204 217

Chen, F., Hegner, E., Todt, W., 2000. Zircon ages and Nd isotopic and chemical compositions
of orthogneisses from the Black Forest, Germany: Evidence for a Cambrian magmatic arc. Int
J Earth Sci 88: 791-802

Chen, F., Siebel, W., 2004. Zircon and titanite geochronology of the F rstenstein granite
massif, Bavarian Forest, NW Bohemian Massif: Pulses of the late Variscan magmatic activity.
Eur JMinerl6: 777-788

Chen, F., Siebel, W., Satir, M., Terzio lu, N., Saka, K., 2002. Geochronolgy of the Karadere
basement (NW Turkey) and implications for the geological evolution of the Istanbul zone. Int
J Earth Sci 91: 469-481

Cherniak, D.J., Watson, E.B., 2003. Diffusion in zircon. Reviews in Mineralogy and
Geochemistry. V. 53;1; p. 113-143.

Collins, A.S., Robertson, A.H.F., 1998. Processes of Late Cretaceous to Late Miocene
episodic thrust-sheet trandlation in the Lycian Taurides, SW Turkey. J Geol Soc, Lond 155:
759-772.

Davis, P. B., and Whitney, D. L., 2006. Petrogenesis of lawsonite and epidote eclogite and
blueschist, Sivrihisar Massif, Turkey. Metamorphic Geol 24, 823-849.

Dilek, Y. & Altunkaynak, S. 2009. Geochemical and tempora evolution of Cenozoic
magmatism in western Turkey: mantle response to collision, slab breakoff, and lithospheric
tearing in an orogenic belt. Geol Soc London Spec Pub (In: van Hinsbergen, D. J. J., Edwards,
M. A. & Govers, R., (Eds)) 311, 213-234.

Ercan, T., Dind, A., Gnay, E., 1979. U &k volkanitlerinin petrolojisi ve plaka tektoni i
a sndan Ege Blgesi ndeki yeri. Bull Geol Soc Tu rkey 22/2: 185-198 (in Turkish with
English abstract)

Ercan, T., Gnay, E., Sava n, M.Y., 1984. Simav ve evresindeki Senozoyik ya |

volkanizman n b Igesel yorumlanmas . Min Res and Ex p Bull 97/98: 86-101 (in Turkish with
English abstract)

Gen, S.C,, 1998. Evolution of the Bayrami magmati ¢ complex, northwestern Anatolia. J
Volcanol Geotherm Res 85: 233-249

Gessner, K., Gngr, T., Ring, U., Passchier, CW., 1998. Structure and crustal thickening of
the Menderes Massif, southwest Turkey, and consequences for large-scale correlations
between Greece and Turkey. Bull Geol Soc Greece 32: 145-152

Gessner, K., Piazolo, S., Gungor, T., Ring, U., Kr ner, A., Passchier, W.C., 2001. Tectonic
significance of deformation patterns in granitoid rocks of the Menderes nappes, Anatolide
belt, southwest Turkey. Int J Earth Sci 89: 766-780

Gessner, K., Callins, A.S., Ring, U., Gungor, T., 2004. Structural and thermal history of poly-
orogenic basement: U-Pb geochronology of granitoid rocks in the southern Menderes Massif,
Western Turkey. J Geol Soc, London. 161: 93-101.

Giletti, JB., 1991. Rb and Sr diffusion in alkali feldspars, with implications for cooling
histories of rocks. Geochim Cosmochim Acta 55: 1331-1343

Grer, F.., Floreau, SN., zburan, M., Sangu, E. , Do an, B., 2009. Progressive
development of the B y k Menderes Graben based on n ew data, western Turkey. Geol Mag.
146: 652-673

44



Has zbek, A., Satir, M., Erdo an, B., Akay, E., Siebel, W., 2009. Magmatic evolution of the
northwestern edge of Tauride-Anatolide Platform: Geochronological and isotopic
implications. Geochim Cosmochim Acta 73/13: A499-A499
Has zbek, A., Satir, M., Erdo an, B., Akay, E., Siebel, W., 2010. Early Miocene post-
collisional magmatism in NW Turkey: geochemical and geochronological constraints. Int
Geol Rev. DOI:10.1080/00206810903579302
Hetzel, R., Reischmann, T., 1996. Intrusion age of Pan-African augen gneisses in the southern
Menderes Massif and the age of cooling after Alpine ductile extensional deformation. Geol
Mag 133: 565-572
| k, V., Tekdi, V., 2001. Late orogenic crustal extension in the northern Menderes Massif
(Western Turkey): evidence for metamorphic core complex formation. Int J Earth Sci 89: 757-
765
| k, V., Tekeli, O., Seyito lu, G., 2004. The “Ar/**Ar age of extensional ductile deformation
and granitoid intrusion in the northern Menderes core complex: implications for the initiation
of extensional tectonicsin western Turkey. J Asian Earth Sci 23: 555-566

intek, ., Akay, E., Haszbek, A., Erdo an, B., 2007. Afyon Zonu naait Ge Triyas-Mam
Budagan karbonat istifinin foraminifer ve ag ieri i (Emet, Ktahya, Bat T rkiye).
Cukurova University, Geology Symposium. "ukurova. A bstracts, 118-119
Jenkin, G.R.T., Ellam, R.M., Rogers, G., Stuart, F.M., 2001. An investigation of closure
temperature of the biotite Rb-Sr system: The importance of cation exchange. Geochim
Cosmochim Acta 65: 1141-1160
Karack, Z., Y Imaz, Y., 1998. Geology of the ignimbrites and the associated vol cano-plutonic
complex of the Ezine are, northwestern Anatolia. JVolcanol Geotherm Res 85: 251-264
Karack, Z., Y Imaz, Y., Pearce, A.J., Ece. .I., 2 007. Petrochemistry of the south Marmara
granitoids, northwest Anatolia, Turkey. Int J Earth Sci. V:97, 1181-1200.
Kaya, O., 1972. Tav anl y resi ofiyolit sorununun ana izgileri. Bull Geol Soc Turk 15/1: 26-
108 (in Turkish with English abstract)
Kaya, O., Sadeddin, W., Altiner, D., Meric, E., Tansd, I., Vural, A., 1995. Tav anl (K tahya)
g neyindeki ankimetamorfik kayalar n stratigrafisi ve yap sal konumu: zmir-AnkaraZonu ile
ba lant s. Min Res Exp Bull 117: 5-16
Kober, B., 1986. Whole-grain evaporation for 2°’Pb/*®Pb-age investigations on single zircons
using a double-filament thermal ion source. Contrib Mineral Petrol 93: 482-490
Konak, N., 1982. Geology of the Simav region. Istanbul University, Faculty of Earth
Sciences, Department of Geologica Engineering, PhD thesis (in Turkish with English
Abstract, unpublished)
Koralay, O.E., Dora, O., Chen, F., Satir, M., Candan, O., 2004 Geochemistry and age of
orthogneisses in the Derbent (Ala ehir) area, Eastern part of the demi -Kiraz submassif,
Menderes Massif: Pan-African magmatic activity. Turkish J Earth Sci 13: 37-61
Krner, A.,, engr, A.M.C,, 1990. Archean and Proterozoic ancest ry in late Precambrian to
Early Paleozoic crustal elements of southern Turkey as revealed by single-zircon dating.
Geology 18: 1186-1190
Loos, S., Reischmann, T., 1999. The evolution of the southern Menderes Massif in SW
Turkey as revealed by zircon dating. J Geol Soc Lond 156: 1021-1030

45



Ludwig, K.R., 1988. Pbdat for MS-Dos- a computer program for IBM-PC compatibles for
processing raw Pb-U-Th isotope data. U.S Geol. Surv. Open-file Rep 88-542: 1-37

Ludwig, K.R., 2001. Isoplot/EX, rev 2.49: A geochronological toolkit for Microsoft Excel.
Berkley Geochronology Center Spec. Publ. No: 1a, 1-58

Mattinson, M.J., 2005. Zircon U-Pb chemica abrasion ( CA-TIMS) method: Combined

annealing and multi-step partial dissolution analysis for improved precision and accuracy of
zircon ages. Chem Geol 220: 47-66

Okay, A. ., 1980. Lawsonite zone blueschists and a sodic amphibole producing reaction in
the Tavsanli region, Northwest Turkey. Contributions to Mineralogy and Petrology 75, 179-
186.

Okay, A.. 1984. Didtribution and characteristics of the northwest Turkey blueschists. In
Robertson A.H.F and Dixon JA (Eds), The Geologica Evolution of the Eastern
Mediterranean. Geol. Soc. London, Special Publicatipns, 17, 455-466.

Okay, A. ., 2004. Tectonics and high-pressure metamorphism in Northwest Turkey. 32"
Geological Congress. Field Trip Guide Book, P01, 56 p

Okay, A. ., Satr, M., 2000. Coeva plutonism and metamorphism in a latest Oligocene
metamorphic core complex in northwest Turkey. Geol Mag 137: 495-516.

Okay, A. ., Tansd, ., Tysz, O., 2005. Obduction, subduction and coll ision as reflected in
the Upper Cretaceous-Lower Tertiary sedimentary record of western Turkey. Geol Mag 138:
117-142

Okay, A. ., Satr, M., Maluski, H., Siyako, M., Monie, P., Metzger, R., Aky z, S., 1996.

Paleo- and Neo-Tethyan Tethyan events in northwestern Turkey: Geologic and
geochronologic constraints. In: A. Yin and M. Harrison (Eds.) The Tectonic Evolution of
Asia. Cambridge University Press 420-441

zer, S., rtem, O,, 1982. | klar-Alt nda (Bornova- zmir) dlan st Kretase Kireta larnn
Jeolojik Konumu, stratigrafisi ve fasiyes zellikleri. Bull Geol Soc of Turk 25: 41-47 (in
Turkish with English abstract)

zgen, ., lbeyli, N., 2008. Petrogenesis of the late Cenozoic E rig z granite in western

Anatolia, Turkey: Implications for magma genesis and crustal processes. Int Geol Rev 50:
375-391

Ring, U., Collins, SA., 2005. U-Pb SIMS dating of synkinematic granites: timing of core-
complex formation in the northern Anatolide belt of western Turkey, J Geol Soc Lond 162:
289-298

Satr, M., Friedrichsen, H., 1986. The origin and evolution of the Menderes Massif, W
Turkey: Rb/Sr and oxygen isotope study. Geol Rundsch 75: 703-714

Seyito lu, G, | k, V., ‘'emen, ., 2004. Complete Tertiary exhumation history of the
Menderes Massif, western Turkey: an alternative working hypothesis. Terra Nova 16: 358-
364

Siebel, W., Chen, F., Satir, M., 2003. Late Variscan magmatism revisited: New implications
from Pb-evaporation zircon ages on the emplacement of redwitzites and granites in NE
Bavaria Int J Earth Sci 92: 36-53

Siebel, W., Blaha, U., Chen, F., Rohrm ller, J., 20 04. Geochronology and geochemistry of a
dyke-host rock association and implications for the formation of the Bavarian Pfahl shear
zone, Bohemian massif, Int J Earth Sci 94: 8-23

46



Taylor, S.R., McLennan, S.M., 1985. The continental crust: Its composition and evolution.
Blackwell, Oxford.

Thomson, S.N., Ring, U., 2006. Thermochronologic evauation of postcollision extension in
the Anatolide orogen, western Turkey. Tectonics 25: 1-20

Whitney, D. L. & Davis, P. B., 2006. Why is lawsonite eclogite so rare? Metamorphism and
preservation of lawsonite eclogite, Sivrihisar, Turkey. Geology 34, 473-476.

Y Imaz, Y., 1997. Geology of western Anatolia active tectonics of northwestern Anatolia-The
Marmara poly-project. A multidisciplinary approach by space-geodesy, geology,
hydrogeology, geothermics and seismology, Univ. Press Zurich. 31-53

Y Imaz, Y., Altunkaynak, ., Karack, Z.,, Gndo du, N., Temel, A., 1994. Development of
neo-tectonic related magmatic activities in western Anatolia. Int Vol Congr, Ankara, Abstract:
13

Y Imaz, Y., Gen, .C., Karack, Z., Altunkaynak, ., 2001. Two contrasting magmatic
associations of NW Anatolia and their tectonic significance. J Geod 31: 243-271

York, D., 1969. Least-square fitting with a straight line with correlated errors. Earth Planet
Sci Lett 14: 225-280

a7



Chapter 2: Early Miocene post-collisional magmatism in NW Turkey:
geochemical and geochronological constraints

Altu Haszbek ¢« Muharrem Sat r « Burhan Erdo an ¢ Erhan Akay « Wolfgang Siebel

Correspondence author: A. Has zbek

Institut f r Geowissenschaften, Universit t T binge n,
Wilhelmstrasse 56, D-72074 T bingen, Germany
E-mail: altug.hasoezbek @student.uni-tuebingen.de
Tel: +49-7071-2973156

Fax: +49-7071-295713

M. Satr e W. Siebel

Ingtitut f r Geowissenschaften, Universitt T binge n,
Wilhelmstrasse 56, D-72074 T bingen, Germany
E-mail: satir@uni-tuebingen.de

Tel: +49/7071/2978903

Fax: +49/7071/295713

E-mail: wolfgang.siebel @uni-tuebingen.de

Tel: +49/7071/2974991

Fax: +49/7071/295713

B. Erdo an+ E. Akay

Dokuz Eylul University, Engineering Faculty,
Department of Geological Engineering,

T naztepe, 35160 Buca, 1zmir, Turkey

e-mail: burhan.erdogan@deu.edu.tr
Tel: +90/232/4127306

Fax: +90/232/8531606

E-Mail: erhan.akay @deu.edu.tr
Tel: +90/232/4127326

Fax: +90/232/8531606

Published in International Geology Review

|dea: 60%
Problem: 40%
Production of Data: 70%
Evaluation and Interpretation: 80%
Preparation of the manuscript: 70%

48



Abstract

The Alaam region of NW Turkey lies within the Alpi ne collision zone between the Sakarya
continent and the Menderes platform. Four different tectonic zones of these two continents
form imbricated nappe packages, intruded by the Alaam granite. Newly determined U-Pb
zircon ages of this granite are 20.0 — 1.4 Ma and 20.3 — 3.3 Ma, indicating an early Miocene
emplacement. Rb-Sr biotite ages of the granite are 20.01 — 0.20 Ma and 20.17 — 0.20 Ma,
suggesting fast cooling at a shallow crustal level. Geochemical characteristics show that the
Alaam graniteis similar to numerous EW-trending p lutons of NW Anatolia.

Gneissic granites of the Afyon tectonic zone were cut by the Miocene Alaam granite and
have been interpreted in earlier studies as the sheared parts of the Alaam granite which
formed along a crustal-scale detachment zone under extensiona regime. We determined a U-
Pb zircon age of 314.9 — 2.7 Ma from a gneissic granite sample of the Afyon Zone
demonstrating that these rocks have no genetic relation with the Miocene Alaam granite. The
Early Miocene granitic plutons bear post-collisional geochemical features and are interpreted
as products of Alpine-type magmatism along the zmir-Ankara Suture Zone in NW Turkey

and seem to have no genetic relation to the detachment zone.

Keywords. Alaam granite, U-Pb zircon age, Rb-Sr biotite age, rapid cooling, Northwest
Anatolia
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I ntroduction

The main post-collisiona eastern Mediterranean magmatic belt evolved from the Eocene to
the Quaternary and has been addressed in numerous papers (Fytikas et al. 1984; Y Imaz 1990;
Aldanmaz et al. 2000; Pe-Piper and Piper 2006; Akay and Erdo an 2004; Altunkaynak and
Dilek 2006; Dilek and Altunkaynak 2007, 2009; Akay 2009). The general evolution for the
generation of this post-collisional magmatism is well documented and most of the authors
suggest a large magmatic arc with arc migration to the south to its recent position (Jolievet

and Brun 2008 and references therein).

During and after the closure of the Neo-Tethyan Ocean and progressive collision of the
Tauride-Anatolide Platform with the Sakarya Continent, widespread post-collisional, apine-
type magmatism formed in the eastern Mediterranean. In NW Anatolia, this magmatism
comprises associated subvolcanic and plutonic rocks forming a NW trending belt (Fig. 1)
(Bing | et al. 1982; Ercan et al. 1984; Harris et al. 1994; Seyito lu and Scott 1992; Gen and
Y Imaz 1997; Gen 1998; Karack and Y Imaz 1998; Al tunkaynak and Y Imaz 1998 1999;
Delaoye and Bing | 2000; Okay and Sat r 2000; Alda nmaz et al. 2000; Seyito lu et al. 2004;
Y Imaz et al. 2001; Okay and Sat r 2006; Karac k et al. 2008; Altunkaynak 2007; Dilek and
Altunkaynak 2007; zgen and llbeyli 2008; Akay 20 09; Dilek and Altunkaynak 20009;
Boztu et al. 2009; Hasozbek et al. 2009a).

The exact emplacement mode of the Eocene and Miocene magmatic associations with
volcanic suites along the area is still questionable due to complex geodynamic evolution of
the belt. Early Eocene continent collision in NW Anatolia and the Marmara region caused a
pronounced sub-alkaline, medium to high K magmatism (Altunkaynak 2004; Harris et al.
1995; Delaloye and Bing | 2000; Okay and Sat r 2000 ; Gen and Y Imaz 1997; Karack et al.
2009). This compression was followed by widespread N-S extension with the products of
Oligo-Miocene magmatism with extrusive counterparts of the same composition
(Altunkaynak and Y Imaz 1998; Y Imaz et al. 2000; Altunkaynak and Dilek 2006; Akay 2009
and references therein). Recently, some granitoids of thisregion (E rig z, Koyunoba, Evciler)
have been interpreted as syn-kinematic granitoids emplaced in a north-dipping regional
detachment zone (I k and Tekeli 2001; | k et al. 2004; Okay and Satr 2000) and this
emplacement model was used as evidence for a thin lithosphere and existence of core
complexes in NW Anatolia (Menderes Massif, Kazda Massif) (Okay and Sat r 2000; | k et
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al. 2005; Ring and Collins 2005). In this model, deformed country rocks surrounding the
undeformed granites have considered as the mylonitized upper part of the granites (I k and
Tekeli 2001; | k et al. 2004; Okay and Sat r 2000). However, geological, petrologica and
geochronological data of two important early Miocene magmatic bodies (E rigz and
Koyunoba granites) contradict this interpretation (Akay 2009; Haszbek et. al. 2009a).
Although numerous geochronological data are available from the undeformed Miocene
granitesin NW Anatolia (Bing | et al. 1982; Delaloye and Bing | 2000; | Kk et al. 2004; Ring
and Collins 2005; Thomson and Ring 2006; Okay et al. 2008), limited studies focused on the
guestion whether the surrounding mylonitized rocks are co-genetic with the undeformed parts
of these granites or not. Our study area is located along the northern Menderes Massif (SE
Bal kesir) where the early Miocene magmatic associations show clear contact relations with
the basement rocks of the Anatolide-Tauride platform. (Fig 1). Here we present new
geochemical and geochronological data from the Ala am granite, related stocks and
associated gneissic granite of the Afyon Zone. Our data imply that the undeformed granite is
not genetically related to the surrounding metamorphic rocks of the Menderes Massif and the
Afyon Zone.
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(Gr: granite).
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The overall aims of this study are: @ providing geological features and radiometric age
relations between the Alaam granite and basement units of the Menderes Massif and the
Afyon Zone, b) discussing the controversial tectono-magmatic evolution models of the region,
and ¢) unveiling the nature of the Early Miocene magmatism during and after the collision of
the Sakarya Continent and Anatolide-Tauride Platform.

Geological setting

In the study area, early Miocene Alaam granite and its related stock intruded into the
Menderes Massif, Afyon Zone and Bornova Flysch Zone (Figs 1, 2). The Menderes Massif
forms the structurally lowest unit (Fig. 2) and is represented by a high-to-medium grade
metapelite association (staurolite-kyanite-sillimanite zone (Konak 1982). Garnet-bearing
biotite-muscovite schists and quartz-mica schists dominate the upper parts of the metapelite
rocks. A meta-ophiolitic nappe complex, lithologically resembling the late Cretaceous Sel uk
Formation of Gngr and Erdo an (2001; 2002) and consisting of metagabbros and meta-
ultramafic rocks, tectonically overlay the Menderes metamorphics. The meta-ophiolitic nappe
complex isin turn tectonically overlain by low grade metamorphic rocks of the Afyon Zonein
the study area (Okay 1984; Okay et al. 1996) which comprises, from bottom to top, gneissic
granites, metapelites, metarhyolites and recrystallized limestones. In the study area, the rock
associations of the Afyon Zone define a typical green-schist facies assemblage composed of
albite, muscovite and chlorite (Konak 1982). However, HP-LT (Fe-Mg carpholite) rocks of
this zone are also known around Afyon city (Candan et al. 2005). In the study area, well
foliated gneissic granites of the Afyon Zone which are characterized by quartz, orthoclase,
muscovite and minor amounts of biotite form the lower part of this unit (Fig. 3a b). A
primary granitic texture is well preserved in these rocks (Fig. 3b). The metamagmatic
(gneissic granite) and metadetrital lower part of the Afyon Zone is graditionally overlain by a
platform type carbonate succession. The Afyon Zone sequence is tectonically overlain by a
non-metamorphic ophiolitic melange of the Late Cretaceous- Late Oligocene Bornova Flysch
Zone (Okay 1984; Erdo an 1990; Okay et al. 1996). These slices are composed dominantly of
dightly deformed and cleaved light brownish mudstones and sandstones. Lenses of
serpentinites, blocks of ultramafic rocks and platform limestones are preserved inside the
brittly deformed matrix.
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The Menderes Massif, meta-ophiolitic nappe complex, Afyon Zone and the ophialitic
melange of the Bornova Flysch Zone are all obliquely cut by the Alaam granite along steeply
dipping contacts (Figs. 2, 5, 6a, b). The Alaam gr anite is a NW-SE elongated body, 15 to 4
km in diameter, and crops out in the Alaam Mountai ns (Figs. 1, 2). The mineral assemblage
of the Alaam granite and its related stocks is quartz, plagioclase, orthoclase, hornblende,
biotite and accessory minerals (zircon, titanite and apatite) (Figs. 4a, b, ¢). At the margin of
the Alaam granite, the texture is fine grained (0. 1 - 0.3 mm) (Fig. 4a) and towards the centre
it becomes holocrystalline and coarser grained (0.6 - 0.8 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 Alagam 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 Alacgranite 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 cont@ihe Alagam granite and its host rock
association are overlain unconformably by Middlegegp Miocene continental-lacustrine

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

Figure 3. (a-b) Thin section views of the gneisgjtanite 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 sanffgesthe 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 Eylul University immir (Turkey). Zircons from the gneissic granite

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