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LONG-TERM EXHUMATION OF AN AEGEAN METAMORPHIC CORE
COMPLEX GRANITOIDS IN THE NORTHERN MENDERES MASSIF,
WESTERN TURKEY

ELIZABETH CATLOS*, LAUREN JACOB**, TOLGA OYMAN**%,
and SORENA SORENSENS

ABSTRACT. The Egrigoz, Koyunoba, and Alacam plutons are located in the north-
ern portion of the Menderes Massif, a region characterized today by large-scale
extension. To gain a better understanding of their exhumation history, we acquired
zircon ages, geochemical analyses, and cathodoluminescence (CL) images to search
for evidence of micro- to macro-scales of deformation. The combination is a pgwer-
ful means to decipher their tectonomagmatic history. In situ ion microprobe ***U/

%Pb zircon ages of the granitoids range from 30.0 = 3.9 Ma to 14.7 = 2.6 Ma (% 10')
and indicate the plutons crystallized over ~15 m.y. The dated zircons show CL zoning
consistent with igneous crystallization and are only located adjacent to or as inclusions
in biotite grains. The youngest ages are dominated by a blue color in CL, whereas a
majority of older zircons are yellow. Higher Th/U contents are typically shown by
zircons with black or dark green colors in CL. Most of the samples of these granitoids
indicate they are magnesian, calc-alkalic and peraluminous granite to granodiorites,
but variations exist, likely reflecting heterogeneity caused by magma mixing, partial
melting, crustal contamination, and post-emplacement fluid interactions as evidenced
by the CL images. CL images show that all samples experienced magma mixing,
multiple episodes of brittle deformation, and fluid-mediated alteration. Sources for
the generation of Northern Menderes Massif granitoids include simple slab induced
upwelling from the subduction of the African plate along the Hellenic arc, adiabatic
decompression as the northern edge of Turkey’s Anatolide-Tauride block delaminates,
and upwelling asthenosphere as the continental lithosphere thins during extension. We
present a model in which western Turkey is an amalgamation of stacked subduction
zones that transition from north to south over time. Northern Menderes Massif
granitoids document their complex geologic history in their ages, chemistry, and
textures.

Key words: Zircon geochronology, cathodoluminescence, Menderes Massif, gran-
itoid, western Turkey, subduction

INTRODUCTION

The Menderes Massif, located in southwest Turkey, is the largest known metamor-
phic core complex on Earth, covering an area of >40,000 km* (Westaway, 2006) (fig.
1). A core complex forms when lithospheric extension accommodated by detachment
faults exposes medium- to high-grade metamorphic rocks (Coney, 1980; Coney and
Harms, 1984; Lister and Davis, 1989). In many of these systems, including in the
Menderes Massif, igneous rocks are cut or deformed by large-scale extensional
structures (Hetzel and others, 1995; Keay and others, 2001; Dilek and others, 2009;
Catlos and others, 2010; Denele and others, 2011; Howard and others, 2011). Igneous
rocks may play an important role in the development of core complexes by thinning
and weakening crust and driving isostatic doming (Corti and others, 2003). These
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Fig. 1. Map showing major structures and locations of 31 plutons in western Turkey (Delaloye and
Bingol, 2000; Senel and Aydal, 2002; Okay, 2008). Red lines are approximate locations of active strands of
the North Anatolian Fault. Names corresponding to the numbers are (Delaloye and Bingol, 2000; Boztug
and others, 2009, may vary in the literature): 1. Kestanbol, 2. Kuscayir, 3. Sevketiye, 4. Karabiga, 5. Evciler, 6.
Eybek, 7. Yenice, 8. Katrandag, 9. Kapidag, 10. Kozak, 11. Ilica, 12. Cataldag, 13. Karacabey, 14. Turgutlu, 15.
Salihli, 16. Alasehir, 17. Gordes, 18. Alacam, 19. Koyunoba, 20. Egrigoz, 21. Orhaneli, 22. Topuk, 23.
Goyntikbelen, 24. Tepeldag, 25. Baklan, 26. Bilecik, 27. Inhisar, 28. Pamukova, 29. Kaymaz, 30. Sivrihisar, 31.
Beypazari. Box outlines the field area in figure 2. KFZ = Kitahya Fault Zone, SFZ = Simav Fault Zone,
TAESZ = Izmir-Ankara-Erzincan Suture Zone.

rocks may also time extension by the nature of their relationship with large-scale
normal faults (Keay and others, 2001; Ring and Collins, 2005; Howard and others,
2011).

Magma bodies can also drive the formation of back arc basins, of which the
Aegean Sea is considered by many to be a classic locality (Agostini and others, 2010).
The sources of magma in a back arc setting may be via the melting of the subducting
slab, a random mantle plume, or delamination (Flower and others, 2001). Magmas in
the Aegean region may migrate and geochemically evolve due to the roll back of the
subducting African slab (ten Veen and Postma, 1999; Bonev and Beccaletto, 2007;
Dilek and Sandvol, 2009). Here we focus on understanding the timing and geochemi-
cal evolution of three granitoid plutons located in the northern Menderes Massif (also
called the Gordes Massif) to understand how extension in the Aegean region is
recorded by these bodies.

The Egrigéz (Turkish for “crooked-eye”), Koyunoba, and Alacam (or Alacamdag)
granitoids are located in the hanging wall of the Simav normal fault in the northern
Menderes Massif (figs. 1 and 2). These plutons are located within a wider NW-SE



536 E. Catlos, L. Jacob, T. Oyman, & S. Sorensen—Long-term exhumation of an Aegean

28°30' 29°

cik - 39°30'
g @,
" %
Ortac

) YA

D
,zQQ B 1 op0sed
N

R
N g ’:‘z ® detachment e Y
A ,.’,, QA - [ K
RS 0°
%

(7~ Simav
A ' WA
"6“ ) "i\‘ﬁ
Jho S

O

2R Q
A
SN

=
AN
v/ ~/ A X “ normal fault

I LD 4
5 0 5 10 . . B
km. 1 volcanics B gneiss [ carbonates M granite
structures

[ ophiolitic v migmatitc [ sediments g metagranite

melange gneiss
_—_ lithological contact =1 schist
Simav |
o Ccity W%14 sample number

Fig. 2. Geologic map of the field area (Konak, 2002; Ring and Collins, 2005). The plutons and sample
locations are indicated.

trending magmatic belt of Oligo-Miocene age (fig. 1) (for example, Delaloye and
Bingol, 2000; Ozgenc and Ilbeyli, 2008). Structurally, they are bound to the north by
Kiitahya Fault Zone and to the south by the Simav Fault Zone, both of which have
normal senses of motion (fig. 1) (Ulusay and others, 2004; Orhan and others, 2007;
Ozburan and Grer, 2011).

The Egrigoz, Koyunoba, and Alacam plutons have been the focus of many
field-based, geochemical and geochronological studies, but conflicting ideas about the
nature of their compositions, ages, and relationship to a proposed detachment fault in
the area exist. This paper attempts to clarify these issues using fieldwork, geochemical
analyses, cathodoluminescence (CL) imaging, and in situ (in thin section) ion micro-
probe zircon geochronology. This is the first time thin section-scale CL imaging and in
situ zircon dating has been applied to these rocks. The correlation of ages with rock-
and grain-scale microstructures seen using CL is a powerful means deciphering
tectonomagmatic history of the region.

GEOLOGICAL BACKGROUND

Regional Geology
Turkey is an amalgamation of multiple crustal fragments due to the closure of
branches of Tethyan oceans (Okay, 2008). The Izmir-Ankara-Erzincan Suture Zone
marks the closure of the Neo-Tethys and separates the Pontide region with Laurasian
affinities from the Anatolide-Tauride block, which contains rocks associated with
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Gondwana (fig. 1) (Ketin, 1966; Sengor and others, 1980; Okay, 1984, 1986, 2008;
Moix and others, 2008). The Menderes Massif, Tavsanli and Afyon Zones are part of
the Anatolide-Tauride block, whereas the Sakarya and Rhodope Zones are part of the
Pontides (fig. 1). Crust in the Menderes Massif thickened due to the closing of the
Neo-Tethys during the Paleocene-Eocene along the Izmir-Ankara-Erzincan Suture
Zone (Seng6r and Yilmaz, 1981; Gortr and others, 1984). This process is evidenced by
S-vergent thrusting of large-scale nappes in the Menderes Massif (Gessner and others,
2001). Post-collisional extension exhumed the Menderes Massif and several other core
complexes throughout the Aegean region, including the Rhodope, Kazdag, Cyclades,
and Crete massifs (Buick, 1991; Dinter and Royden, 1993; Gautier and Brun, 1994;
Jolivet and others, 1994; Kilias and others, 1994; Vandenberg and Lister, 1996; Okay
and Satir, 2000). The cause of extension in the Menderes and Aegean region is
generally attributed to the roll back of the African slab along the Hellenic arc, which
separates the African plate from Eurasia and the Anatolian block (Seyitoglu and Scott,
1996; Meijer and Wortel, 1997; ten Veen and Postma, 1999; Laigl and others, 2004;
Cemen and others, 2006; Bonev and Beccaletto, 2007; Dilek and Sandvol, 2009).

The Egrigoz, Koyonba, and Alacam plutons are the largest exhumed granitoid
bodies in the Menderes Massif (figs. 1 and 2) (Isik and others, 2004a, 2004b; Has6zbek
and others, 2010). They intrude rocks of the Menderes Massif after the area experi-
enced regional metamorphism (Akay, 2009). The Simav Metamorphic Sequence is the
structurally lowest country rock unit exposed in the field area, and is comprised of
muscovite * biotite = garnet schists, quartzite, and chlorite-bearing calc-schists (Kaya,
1972; Akdeniz and Konak, 1979; Ozgen¢ and Oyman, 2004). Migmatitic-handed
and biotite gneiss, marble and amphibolite are also reported from this unit (Isik
and others, 2003). Conformably overlying the Simav Metamorphic Sequence is the
Balikbasi Formation, which is laminated, bituminous, recrystallized limestone of
neritic facies (Akdeniz and Konak, 1979; Oyman and others, 2012). This unit is
unconformably overlain by the upper Paleozoic-lower Triassic Saricasu Formation,
which is comprised of greenschist-grade schists with protoliths of detrital sediments,
basic tuffs, and lavas (Oyman and others, 2012). The Arikaya Unit overlies the Saricasu
formation and contains meta-carbonate rocks and pelitic schists that enclose limestone
lenses (Akdeniz and Konak, 1979).

Geochronology and Geochemistry

Figure 1 shows the distribution of granites in western Turkey with reference to the
generally accepted time frame at which they crystallized. Eocene to Oligo-Miocene
subalkaline medium- to high-K and calc-alkaline granitoids in this figure are generally
ascribed to have formed in a collisional regime during closure of the Neo-Tethyan
ocean potentially due to increased asthenospheric heat from lithospheric Hellenic slab
break-off (Geng, 1998; Dilek and Altunkaynak, 2007). Recent mantle tomography
beneath western Turkey has been interpreted to show the subducted African litho-
sphere intruded by hot asthenosphere material (Biryol and others, 2011). Middle
Miocene granitoids then formed during subsequent extension, which also produced
extrusive mildly alkaline rocks with Ocean Island Basalt (OIB)-like geochemical
signatures (Dilek and Altunkaynak, 2007).

Although the generation of the Northern Menderes plutons is often attributed to
be the result of the second pulse of magmatism during the Middle Miocene (Akay,
2009), their reported ages are inconsistent with a single population (fig. 3). Miocene
ages from the Egrigoz, Koyunoba, and Alacam granitoids are often attributed to their
crystallization and exhumation via faulting (Isik and others, 2004a, 2004b; Ring and
Collins, 2005). Some report Cretaceous (70 = 7 Ma, Burkut, 1966 and 93 * 1 Ma, U-Pb
zircon, Ring and Collins, 2005) and Oligocene ages from these rocks (fig. 3, also review
by Bozkurt and others, 2011), which are of unknown significance and some may be due
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Fig. 3. Relative probability diagrams of reported ages for the Egrigoz, Alacam, and Koyunoba plutons
using (A) 238-296ph zircon, (B) K-Ar and *°Ar/?*"Ar orthoclase and (C) K-Ar and *°Ar/*°Ar biotite, and (D)
U-Th/He apatite, and apatite and zircon fission track systems. In these diagrams, peak height is proportional
to the probability the age is present in the rock and the area under the curve is equal to 1 (Ludwig, 2012;
Jones and others, 2009). Data sources: Bingol and others (1982), Delaloye and Bingol (2000), Isik and others
(2004a), Ring and Collins (2005), Thomson and Ring (2006), Erkiil (2010), Hasozbek and others (2010),
and Altunkaynak and others (2012). “N” means number of analyses.
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to analytical problems. However, these ages are similar to those reported for granitoids
elsewhere in Turkey, including the Early to Late Cretaceous Orhaneli, Topuk, and
Goyniikbelen plutons located ~30 to 50 km north of the field area and the Kestanbol,
Eybek, and Kozak granitoids of Turkey’s Biga Peninsula (fig. 1) (Delaloye and Bingol,
2000). Thus, the Menderes plutons may contain input from sources not yet recog-
nized.

The oldest reported ages from these rocks are Archean and Cambrian obtained
via U-Pb zircon geochronology (Ring and Collins, 2005), and are likely inherited or
entrained. An Archean grain from the Egrigoz pluton has a 21.5 = 0.7 Ma rim, likely
the largest age range ever reported for a single zircon (Ring and Collins, 2005) and
suggests the melts did not reach temperatures sufficient to fully dissolve xenocrystic
zircon (Scott and others, 2011). In terms of their lower temperature history, U-Th/He,
apatite and zircon fission track ages from the Egrig6z and Koyunba plutons (Thomson
and Ring, 2006) are, in some cases, older than their reported zircon crystallization ages
(fig. 3). Bozkurt and others (2011) suggest the latest Miocene ages from these
chronometers that are consistent with the results from other mineral dating systems
applied to the same rocks should be considered reliable. Rb-Sr ages of 12 to 10 Ma
from mylonites south of the field area are attributed to fluid-rock deformation that
occurred during fault-related exhumation along the Simav detachment fault (Bozkurt
and others, 2011).

In terms of composition, the granitoids have been reported to range from
calc-alkaline to shoshonitic. The Egrigéz pluton has been most analyzed and is
metaluminous or peraluminous depending on sampling locality (C)zgeng and Ilbeyli,
2008; Akay, 2009; Dilek and others, 2009; Ilbeyli and Kibici, 2009). Both I-type and
S-type granites have been reported from the pluton (Isik and others, 2004b; Ozgenc¢
and Ilbeyli, 2008; Dilek and others, 2009; Ilbeyli and Kibici, 2009). Heterogeneities
within these rocks may be caused by magma mixing, partial melting, crustal contamina-
tion, and post-emplacement fluid interactions (for example, Hibbard, 1981; Catlos
and others, 2010, 2011).

The Simav Detachment Debate

These plutons are located in the hanging wall of the Simav normal fault, a
high-angle (~45-60°, Seyitoglu, 1997) north-dipping listric fault that extends ~150 km
(figs. 1 and 2) (Seyitoglu, 1997; Ersoy and others, 2010). The Simav normal fault has
several kilometers of offset between the top of the hanging-wall and footwall and dips
steeply to the north, roughly perpendicular to the direction of maximum extension
(Seyitoglu, 1997; Tekeli and others, 2001; Isik and others, 2003; Faulds and others,
2009). This structure formed during Pliocene to recent extension (Seyitoglu, 1997;
Ring and Collins, 2005) and is part of a region dominated by active normal faults as
evidenced by a magnitude 5.8 (Mw) earthquake with a normal sense of motion that
occurred near the fault on May 19, 2011 (Demirci and others, 2012).

Explanations of the plutons’ exhumation mechanisms vary depending on the
existence of a second extensional structure, the Simav detachment, which has been
mapped trending NE-SW along the western border of the Egrig6z and/or Koyunoba
plutons (fig. 2) (Isitk and Tekeli, 2001; Isik and others, 2004a; Seyitoglu and others,
2004; Ring and Collins, 2005; Thomson and Ring, 2006). Although it has been defined
as marking the lower bound of the Izmir-Ankara-Erzincan Suture Zone (Ersoy and
others, 2010), the presence of this structure is debated (Ozgeng and Ilbeyli, 2008;
Akay, 2009). Field evidence for the detachment are high pressure/low temperature
(HP/LT) metamorphic rocks thrust over the underlying rocks of the Menderes nappes
(Ring and others, 2003; Akay, 2009) and metagranites interpreted as synkinematically
deformed upper portions of the Egrigéz and Koyunoba plutons (Isik and Tekeli, 2001;
Isik and others, 2004a; Seyitoglu and others, 2004; Thomson and Ring, 2006). The
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detachment may have been active between 24 to 19 Ma (Ring and Collins, 2005) and
accommodated ~50 km of NE-SW extension (Tekeli and others, 2001; Isik and others,
2003).

However, some regional maps show no offset between the Egrigéz and Koyunoba
and surrounding metamorphic rocks and no evidence for this structure (Isik and
others, 2004b; Ozgeng and Ilbeyli, 2008; Akay, 2009). Thrust faults and roof pendants
from the Afyon Zone have been reported near the western boundary of the Egrigoz
and eastern boundary of the Koyunoba plutons, and between Menderes metamorphic
rocks and a meta-rhyolite unit (Akay, 2009). The role of the Simav detachment as a
major exhumation mechanism for these rocks is unresolved as the precise location and
extent, and even the presence of this structure is unclear.

To clarify the conflicting geochemical data, unclear structural relationships, and a
range of reported ages from the Egrigoz, Koyunoba, and Alacam plutons, we report
new results from fieldwork, geochemical analyses, CL imaging, and in situ ion micro-
probe zircon geochronology.

METHODS

In the field, we focused on three specific transects: (1) from the town of Kiireci to
Orencik, (2) from Yesildere to Ortaca, (3) and from Camlik to Canakei (fig. 2). Five
contacts of the plutons were crossed, two of which were exposed. Overall, 30 samples
from 26 locations were obtained (fig. 2; table 1). Thin sections were examined using an
optical microscope to determine mineral assemblages (table 1).

Major and trace element geochemical analyses of the Egrigdéz, Koyunoba, and
Alacam plutons were performed at Activation Laboratories in Ontario, Canada (tables
2, 3, 4, 5 and 6; figs. 4, 5 and 6). Abundances of Sc, Be, V, Ba, Sr, Y, and Zr were
measured using whole rock fusion inductively coupled plasma (ICP) methods; all
other elements were obtained using whole rock fusion ICP mass spectrometry. We also
estimated zircon saturation temperatures for each rock using the major and trace
element data (tables 2-6) (Watson and Harrison, 1983).

Entire rock thin sections were imaged using CL with a Premier American
Technologies Luminoscope model ELM-3R in the Smithsonian Institution’s Depart-
ment of Mineral Sciences at the National Museum of Natural History using the
methods as outlined by Sorensen and others (2006) (figs. 7,8,9,10,11,12,and 13). An
electron beam was run with operating conditions of 20 kV and 0.5 mA. Using a rotating
red-blue-green (R-G-B) color filter wheel, three images are captured with a 1300 X
1030 pixel monochrome charged-coupled device. MagnaFire software combines the
three R-G-B images to produce the final image. Exposure time varied between 30
seconds to 3 minutes depending on the sample.

CL is used to understand the history of the Egrig6z, Koyunoba, and Alacam
plutons by identifying mineral distribution and compositions, rock textures, mineral
zoning, and evidence fluid alteration (Ramseyer and others, 1992; Cox and others,
1996; Stirling and others, 1999; Goetze and others, 2000; Sorensen and others, 2006).
Minerals imaged in the Egrigéz, Koyunoba, and Alacam plutons show characteristic
colors. Plagioclase grains are shades of green due to the presence of Ca®" and Mn**
(for example, Geake and others, 1973; Catlos and others, 2011). Alkali feldspars are
blue due to activators Eu®", Ti*", and Ga®" (Geake and others, 1973; Mariano and
Ring, 1975; De St. Jorre and Smith, 1988; Finch and Klein, 1999; Parsons and others,
2008). K-feldspar can turn red (from blue) due to trace amounts of Fe changing
oxidation state (Finch and Klein, 1999). In igneous rocks, quartz only weakly lumi-
nesces and is seen as brown or dull black. Subtle variations of colors in feldspars and
quartz are typically attributed to different amounts of activators and quenchers and
may distinguish different generations of crystallization (Marshall, 1988). Bright yellow
apatite and bright white zircon grains are also visible in the thin-section scale CL
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TaBLE 1

Sample locations and mineral assemblages of rocks collected in this study

Sample Location Mineral assemblage?
Egrigoz

ATO02B 39°26'02.60"N, 29°07'00.50"E  Qtz+PI+Kfs+Bt+Ms+Hbl+Chl+Aln+Ap +Zrn+Mnz+Hem+Cal
ATO03 39°25'37.90"N, 29°0722.40"E  Qtz+PI+Kfs+Bt+Ms+HbI+Chl+Ep+Cal+Zmn
ATO04A 39°25'42.10"N, 29°07'18.20"E  Qtz+PI+Kfs+Bt+Chl+Hbl+Ap+Cal +Zrn
AT04B same as ATO4A Qtz+PI+Kfs+Bt+Ms+Chl+Hbl+Hem+Zrn
ATOSA® 39°25'43.40"N, 29°07°18.20"E  Qtz+PI+Kfs+Bt+Ab+Hbl+Chl+Ap+Zrn+Rt+Cal+Hem+Aln
ATO5B same as ATOSA Qtz+PI+Kfs+Bt+Chl+Hbl+Zrm+Hem
ATO6 39°25'49.30"N, 29°07'15.50"E  Qtz+PI+Kfs+Bt+Chl+Hem+Ap+Zm+Ttn
ATO7A 39°26'08.60"N, 29°07221.80"E  Qtz+PI+Kfs+Bt+Ms+Hem+Zrn
ATO08 39°26'02.60"N, 29°07'00.50"E  Qtz+PI+Kfs+Bt+Chl+Zrn
ATI5A 39°1622.00"N, 29°01'36.40"E  Qtz+PI+Kfs+Bt+Ms+Zrn
ATI5B same as AT15A Qtz+PI+Kfs+Bt+Ms+Chl+Hem+Zrn
ATISC same as AT15A Qtz+PI+Kfs+Bt+Ms+Chl+Hem+Zrn
ATI6® 39°16'30.10"N, 29°0325.50"E  Qtz+PI+Kfs+Bt+Ap+Chl+Ms+Zrmn
WAO08 39°04'14.20"N, 29°0322.60"E  Qtz+PI+Kfs+Bt+Ms+Ab +Ap+Zrn+IIm+Ttn+Hem+Brt+Rt
WA09B 39°08'08.60"N, 29°02'00.20"E  Qtz+PI+Kfs+Bt+Ms+Chl+Sil+Zm+Mnz+Im+Rt
WAI10B 39°08'35.10"N, 29°02'42.90"E ~ Qtz+PI+Kfs+Bt+Aln+Zrn+Ap+Th+Rt+Ttn+Hem
WAI2B®  39°08'34.90"N, 29°0324.70"E  Qtz+PI+Kfs+Bt+Ms+Ab+Ap+Hem+Zn

. " oot v QUzAPIHKSs+Bt+Opx-+Cpx-+Ab
WAISB  39°0932.20°N, 29°044640°E  ’\1c i Tim+Ap+Aln+Brt+FeO+Rt+Th
WAl4 39°04'38.00"N, 29°05'16.70"E  Qtz+PI+Kfs+Bt+Ms+Chl+Hbl +Ap+Zrn+Ilm+Brt+FeO

Koyunoba
ATO09 39°14'21.50"N, 28°51'36.50"E  Qtz+PI+Kfs+Bt+Ms
AT10 39°13'48.50"N, 28°5220.30"E  Qtz+PI+Kfs+Bt+Ms+Ap+Zrn+Mnz+Hem
AT11 39°1323.20"N, 28°53'00.40"E  Qtz+PI+Kfs+Bt+Cal+Hem
ATI2® 39°13'07.10"N, 28°53'43.60"E ~ Qtz+PI+Kfs+Bt+Zrn+Ap+Hem+Chl+Ms+Hbl
AT13 39°17'08.70"N, 28°54'39.40"E  Qtz+PI+Kfs+Bt+Ms+Chl+Ap+Hem+Zrn
AT14° 39°16°59.06"N,28°54°30.70"E  Qtz+Pl+Kfs+Bt+Ab+Ms+Hem+Ap+IIm+Rt+Zrn+Mnz
AT17 39°18'35.40"N, 28°57'35.10"E  Qtz+PI+Kfs+Bt+Chl+Hem+Zrn
Alagam

ATI9® 39°2022.30"N, 28°49'01.20"E  Qtz+PI+Kfs+Bt+Ap+Zrn+Rt+Cal+Hem+Hbl+Ms
AT20A° 39°20'34.60"N, 28°68'31.80"E  Qtz+PI+Kfs+Bt+IIm+Ms+Rt+Ap+Cal+Zrn+Hem+Chl+Aln
AT20B®  same as AT20A Qtz+PI+Kfs+Bt+Ms+Rt+Cal+Zrn+Hem
AT21 39°20'49.00"N, 28°47'59.50"E  Qtz+Pl+Ksp+Bt+Chl+Hbl+Zr+Hem

* Abbreviations after Siivola and Schmid (2007).
b Zircon dated in this rock.
¢ Volcanic, extrusive sample.

images. Calcite, a secondary mineral acquired during fluid alteration, is bright orange
and is typically located along microcracks and grain boundaries. Biotite, muscovite,
hornblende, rutile, and monazite are not visible in CL.

Eight samples were collected for in situ U-Pb zircon geochronology (fig. 2; tables
7,8,9,10 and 11). Samples AT05A, AT16, and WA12B are from the northern, central,
and southern sections of the Egrigoz pluton. Sample AT12 is located on the eastern
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TABLE 2
Major and trace element concentrations from samples of the Northern Egrigoz pluton”
Analyte Symbol ATO02B ATO3 AT04A  AT04B  ATOSA ATO0SB  AT06 ATO7A ATOS8

SiO, 71.12 67.90 68.63 66.39 68.56 68.88 7096  69.81 71.37
Al,O3 14.76 15.48 14.67 15.23 14.85 14.82 14.94 14.83 14.71
Fe,03(T) 2.17 1.82 348 3.89 3.05 3.02 2.87 2.64 2.62
MnO 0.047 0.027 0.036 0.026 0.026 0.023 0.042  0.030 0.030
MgO 0.68 1.01 0.89 1.16 1.03 0.94 0.67 0.66 0.66
CaO 1.06 3.19 2.44 2.56 2.94 2.54 2.05 2.15 1.89
Na,O 3.72 4.53 344 3.40 3.78 3.34 3.75 3.71 3.82
K,0 4.25 345 4.41 4.57 3.37 4.60 4.09 433 3.84
TiO, 0.345 0.445 0.390 0.509 0.445 0416 0329 0343 0319
P05 0.14 0.14 0.12 0.17 0.15 0.15 0.12 0.14 0.13
LOIb 1.90 1.12 1.00 0.80 0.92 0.93 0.72 1.07 0.94
Total 100.2 99.1 99.5 98.7 99.1 99.7 100.5 99.7 100.3
Sc 6 8 5 7 7 7 6 6 5
Be 4 3 3 3 3 3 4 4 6
v 27 51 39 53 44 43 23 25 24
Ba 794 1249 1566 1318 658 1195 758 948 733
Sr 176 304 269 271 276 264 210 229 210
Y 26 22 23 21 22 18 25 27 26
Zr 165 169 170 193 172 141 157 163 160
Co 2 1 3 3 3 2 2 2 2
Cu <10 <10 <10 <10 <10 <10 <10 <10 10
Zn <30 <30 <30 <30 <30 <30 <30 30 30
Ga 17 17 16 17 17 16 17 17 17
Ge 2 2 2 2 2 2 2 2 2
Rb 142 88 152 150 128 138 163 156 137
Nb 14 13 14 14 13 12 14 14 16
Mo <2 <2 <2 <2 <9 4 3 <2 <2
Ag 0.5 0.6 0.5 0.6 0.6 <0.5 0.5 0.5 <0.5
Sn 6 9 4 5 5 6 5 6 5
Cs 2.1 1.5 49 4.8 4.8 3.7 10.3 53 4.7
La 72.1 63.6 343 53 33.9 334 38.8 38.1 30.3
Ce 136 115 66.2 100 65.2 63.2 75.5 73.1 56.9
Pr 13.4 11.3 6.94 10 6.84 6.57 7.84 7.59 6.18
Nd 44.7 38 24.4 34.6 24.4 22.7 27.7 26.6 22.5
Sm 7.6 6.2 4.7 6 4.6 44 54 52 4.8
Eu 0.87 1.14 1 1.12 0.99 1.04 0.85 0.9 0.86
Gd 5.6 4.6 4 49 4 3.7 44 4.5 43
Tb 0.9 0.7 0.7 0.7 0.6 0.6 0.7 0.8 0.7
Dy 49 4 39 39 3.7 3.5 43 4.7 43
Ho 1 0.8 0.8 0.8 0.8 0.7 0.9 1 0.9
Er 29 2.4 24 22 23 2.1 2.6 3 2.6
Tm 0.44 0.36 0.38 0.33 0.35 0.31 0.4 0.46 0.4
Yb 29 24 2.7 22 23 2.1 2.7 3.1 2.8
Lu 0.48 0.39 0.46 0.35 0.37 0.34 0.45 0.5 0.46
Hf 4.7 438 49 54 ) 4.1 45 49 4.8
Ta 1.5 1 1.5 0.9 1.1 1 1.6 1.5 22
Tl 0.8 0.4 0.7 0.8 0.6 0.7 0.8 0.8 0.7
Pb 23 22 42 28 22 28 31 35 31
Th 26.7 29.6 18.9 22.1 19.5 18.1 23.3 20.1 25.5
U 6.4 6.2 7.4 44 6.7 5.1 8 10.1 83
Sat T("C)C 798 768 780 789 780 764 781 780 785

* Elements measured but not detected include Cr, Ni (<20 ppm detection limits), As (<5 ppm), In
(<0.2 ppm), Sb (<0.5 ppm), W (<1 ppm), and Bi (<0.4 ppm).

" LOI = loss on ignition.

¢ Zircon saturation temperature (Watson and Harrison, 1983).
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TABLE 3

Major and trace element concentrations from samples of the central section of the Egrigoz

pluton”

Analyte Symbol ATI5A ATI15B AT15C AT16
Si0, 72.39 71.34 70.87 70.83
ALO; 14.37 14.42 14.75 14.06
Fe,03(T) 2.79 3.09 2.75 3.48
MnO 0.047 0.051 0.045 0.050
MgO 0.69 0.78 0.73 0.81
Ca0O 1.77 1.93 2.02 1.95
Na,O 3.53 3.52 3.7 3.03
K,0 4.15 421 3.90 487
TiO, 0.332 0.371 0.350 0.377
P,0s 0.15 0.15 0.13 0.11
Lor® 0.71 0.82 0.78 0.74
Total 100.9 100.7 100.0 100.3
Sc 6 6 5 6
Be 3 4 3 3
\Y% 25 26 25 40
Ba 971 935 899 781
Sr 210 219 236 210
Y 22 22 18 16
Zr 159 167 166 148
Co 2 3 2 3
Cu <10 <10 10 <10
Zn 40 50 60 50
Ga 17 16 17 15
Ge 2 2 2 2
Rb 170 159 143 169
Nb 13 15 11 12
Mo 3 <2 <2 <2
Ag 0.5 <05 0.5 <0.5
Sn 5 5 5 3
Cs 6.5 11.5 7.9 59
La 339 34.6 36.4 44.6
Ce 64.7 66.6 69.1 81
Pr 6.77 7.06 7.14 7.86
Nd 24 249 24.8 26
Sm 48 49 47 43
Eu 0.9 0.9 0.95 0.86
Gd 4.1 42 4 32
Tb 0.7 0.7 0.6 0.5
Dy 38 4 36 3
Ho 0.8 0.8 0.7 0.6
Er 22 23 2.1 18
Tm 0.34 0.36 031 0.28
Yb 23 24 2.1 1.9
Lu 0.39 0.4 0.34 0.33
Hf 45 47 46 42
Ta 12 13 1.1 12
W 2 1 <1 &
Tl 0.8 0.8 0.7 0.8
Pb 34 29 41 34
Th 18.8 185 182 84.3
U 7.6 6.3 6.2 13.8
Sat T(°C)° 786 787 788 774

* Elements measured but not detected include Cr, Ni (<20 ppm detection limits), As (<5 ppm), In
(<0.2 ppm), Sb (<0.5 ppm), and Bi (<0.4 ppm).

" LOI = loss on ignition.

¢ Zircon saturation temperature (Watson and Harrison, 1983).
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TABLE 4

Major and trace element concentrations from samples of the southeastern portion of the

Egrigoz pluton”

Analyte Symbol WAO08 WAO09B WAI10B WAI12B WAI13B WAI14
SiO, 64.75 70.05 76.69 70.52 71.90 72.11
Al,O3 15.27 1425 11.66 14.48 13.39 13.45
Fe,05(T) 6.57 324 132 2.83 233 242
MnO 0.061 0.047 0.017 0.050 0.038 0.038
MgO 229 1.25 0.12 0.67 0.48 0.68
CaO 2.46 1.89 0.38 2.10 1.39 1.77
Na,O 3.11 3.77 2.78 3.29 293 3.09
K,0 247 244 5.54 445 4.82 4.55
TiO, 0.819 0.427 0.078 0.331 0.264 0.379
P,0O5 0.34 0.05 0.03 0.11 0.08 0.12
LOIb 232 1.12 0.52 0.94 0.8 0.96
Total 100.5 98.5 99.1 99.8 98.4 99.6
Sc 16 7 1 7 5 7
Be 2 3 2 3 3 3
A\ 125 57 <5 40 25 36
Ba 581 499 140 929 608 1123
Sr 302 257, 81 213 129 194
¥ 34 11 18 25 17 23
Zr 175 143 140 171 127 180
Cr 80 40 <20 <20 <20 <20
Co 16 9 1 3 2 3
Ni 30 <20 <20 <20 <20 <20
Cu 70 10 <10 <10 <10 <10
/n 60 180 <30 30 <30 <30
Ga 17 16 16 15 15 15
Ge 2 2 2 2 2 2
As 8 <5 <5 10 <5 <5
Rb 86 90 134 167 172 141
Nb 10 14 11 14 13 14
Ag 09 0.9 0.7 0.9 0.6 0.8
Sn 4 3 2 3 3 S
Cs 6 2.8 0.7 579 63 35
La 36.8 26.7 37.6 39.7 399 539
Ce 74.6 48.8 545 722 75.7 103
Pr 8.71 5.08 8.26 798 8.05 10
Nd 30.5 162 26.6 253 243 30.1
Sm 6.5 3 62 5 4.6 54
Eu 1.75 1.18 023 091 0.64 0.92
Gd 6.3 23 55 45 3.6 45
Tb 1 04 0.8 0.7 0.5 0.7
Dy 6.2 22 42 44 31 4.1
Ho 12 04 0.7 0.9 0.6 0.8
Er 35 12 1.8 2.7 1.9 24
Tm 0.53 0.19 0.26 0.42 0.3 0.37
Yb 36 1.3 1.6 3.1 2.1 2.6
Lu 0.57 0.21 0.24 0.55 0.35 043
Hf 4.6 42 6.3 52 4.1 4.8
Ta 0.7 13 1 2.1 13 12
w <1 <1 <1 2 <1 <]
Tl 0.6 0.5 04 0.7 0.7 0.6
Pb 21 88 15 34 34 28
Th 6.8 9 232 19 29.8 293
U 25 2.8 1.8 3.8 54 6.2
Sat T(°C)° 802 785 780 788 769 794

#Elements measured but not detected include Mo (<2 ppm detection limits), In (<0.2 ppm), Sb
(<0.5 ppm), and Bi (<0.4 ppm).

" LOI = loss on ignition.

¢ Zircon saturation temperature (Watson and Harrison, 1983).
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TABLE 5

Major and trace element concentrations from samples of the Koyunoba pluton”

Analyte Symbol AT09 AT10 AT11 ATI12 AT13 AT14 AT17
SiO, 74.52 72.75 73.76 65.47 70.98 70.5 72.14
Al,O3 13.55 13.79 13.52 16.60 15.10 15.09 14.04
Fe,O3(T) 221 2.67 2.34 4.84 2.73 3.38 1.71
MnO 0.07 0.047 0.050 0.057 0.054 0.054 0.023
MgO 0.20 0.34 0.16 1.57 0.71 0.69 0.42
CaO 0.90 1.06 0.68 3.82 1.97 2.08 1.46
Na,O 395 391 3.46 3.55 3.71 3.99 3.45
K,O 4.57 4.56 4.92 3.28 423 3.97 4.77
TiO, 0.121 0.174 0.102 0.481 0.332 0.351 0.211
P,0s 0.04 0.09 0.05 0.24 0.16 0.16 0.13
LOlb 0.51 0.71 0.99 0.77 0.58 0.68 0.54
Total 100.6 100.1 100.0 100.7 100.6 100.9 98.9
Sc 4 4 4 8 5 5 4
Be 5 5 4 4 3 4 3
\" <35 9 <5 65 23 22 15
Ba 748 796 788 1637 974 1130 795
Sr 99 118 66 758 279 294 205
Y 29 25 23 23 20 21 18
Zr 134 142 129 144 171 211 106
Co <1 1 <1 5 3 2 1
Cu 10 <10 10 10 <10 <10 <10
Zn 40 40 50 50 <30 50 <30
Ga 17 17 16 18 17 17 15
Ge 2 2 2 2 2 2 2
Rb 177 179 185 105 154 135 137
Nb 17 20 16 14 14 16 14
Mo <2 <2 “? <2 <2 9 3
Ag <0.5 <0.5 <0.5 <0.5 0.5 0.6 <0.5
Sn 5 4 6 7 4 4 3
Cs 9 6.5 5:5 73 4.7 59 35
La 49.9 45.2 47.5 27.8 39.2 424 26
Ce 92.3 85.4 89.1 53.4 74.1 79.4 50.7
Pr 945 8.85 9.07 593 7.71 8.01 524
Nd 324 30.4 31.2 22.5 27 282 18.3
Sm 6 6.1 5:5 49 5.1 5 3.8
Eu 0.74 0.7 0.62 1.22 0.96 1 0.67
Gd 5 49 44 42 42 4.1 32
Tb 0.8 0.8 0.7 0.7 0.7 0.6 0.5
Dy 5.1 4.7 4.1 4 38 3.7 3.1
Ho 1 0.9 0.8 0.8 0.8 0.8 0.6
Er 3 2.7 24 24 22 23 1.8
Tm 0.47 041 0.38 0.37 0.33 0.35 0.28
Yb 3.1 2.8 2.6 2.5 2.1 2.4 1.9
Lu 0.51 0.47 043 041 0.34 0.39 0.33
Hf 42 4.5 42 4.1 48 5.6 33
Ta 2 1.9 1.5 14 13 13 1.7
w 2 <1 2 <1 <1 <1 <1
Tl 09 0.7 0.9 0.6 0.8 0.7 0.6
Pb 40 41 50 34 43 47 54
Th 243 254 22.7 11.9 20.1 21.2 16.2
U 73 49 3.6 6.1 5 2.5 7
Sat T(°C)° 772 775 775 762 790 805 751

* Elements measured but not detected include Cr, Ni (<20 ppm detection limits), As (<5 ppm), In
(<0.2 ppm), Sb (<0.5 ppm), and Bi (<0.4 ppm).

" LOI = loss on ignition.

¢ Zircon saturation temperature (Watson and Harrison, 1983).
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TABLE 6

Major and trace element concentrations from samples of the Alagam pluton”

Analyte Symbol AT19 AT20A AT20B° AT21
SiO, 68.07 67.59 73.94 67.5
AL,O; 15.42 1537 12.65 14.68
Fe,04(T) 3.61 422 247 4.46
MnO 0.068 0.076 0.068 0.066
MgO 1.00 121 0.49 129
Ca0 278 3.07 025 3.02
Na,O 3.53 3.56 0.36 3.54
K,0 375 3.69 5.64 3.69
TiO, 0.448 0.515 0.324 0.54
P,0s 0.14 0.18 0.09 0.17
Lor® 0.67 0.69 2.86 0.55
Total 995 100.2 992 995
Sc 7 9 5 9
Be 3 3 2 3
% 55 55 25 66
Ba 943 837 1095 919
Sr 320 320 61 303
Y 20 17 19 26
Zr 159 186 177 198
Co 4 5 2 6
Zn 60 90 80 50
Ga 17 17 14 18
Ge 2 2 2 2
As <5 <5 15 <5
Rb 127 109 231 128
Nb 13 13 16 15
Mo <2 <2 9 <2
Ag <05 0.5 0.6 0.6
Sn 4 2 3 4
Sb <05 <05 55 <05
Cs 8 53 20 102
La 21 383 61 108
Ce 38.6 733 107 194
Pr 493 7.62 104 18.6
Nd 189 26.6 34 595
Sm 45 5 57 8.7
Eu 1.13 1.1 0.82 1.19
Gd 4 4.1 42 62
Tb 0.7 0.6 0.6 0.9
Dy 4.1 32 35 49
Ho 0.8 0.6 0.7 1
Er 24 18 2.1 29
Tm 0.37 0.26 033 0.43
Yb 2.6 1.6 23 29
Lu 0.42 0.25 0.4 0.46
Hf 46 51 51 56
Ta 12 0.7 14 14
W 1 <1 3 <1
Tl 0.8 0.7 22 0.7
Pb 28 26 23 24
Th 134 228 343 39.7
U 6.1 4.1 9.8 6
Sat T(°C)° 778 786 845 787

* Elements measured but not detected include Cr, Ni (<20 ppm detection limits), Cu (<10 ppm), In
(<0.2 ppm), and Bi (<0.4 ppm).

" AT20B is a volcanic sample.

€ LOI = loss on ignition.

4 Zircon saturation temperature (Watson and Harrison, 1983).
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Fig. 4. (A) Na,O + K,O (wt%) vs. SiO, (wt%) showing the classification fields of the Egrigoz,
Koyunoba, and Alacam granitoids. (B) Fe,O5/ (Fe,O5 + MgO) vs. SiO, (wt%), (C) modified Alkaline Lime
Index (Na,O + K,O — CaO) vs. SiO, (wt%), and (D) aluminosaturation index [ASI, Al/(Ca — 1.67P +
Na + K)] vs. SiO, (wt%) diagram after Frost and others (2001) and Frost and Frost (2008). Abbreviations:
“a-c” = alkali-calcic, “c-a” = calc-alkalic. Data includes ours, Ozgeng and Ilbeyli (2008), Akay (2009), Erkul
(2010), and Oyman and others (2012).

edge of the Koyunoba pluton and sample AT14 is from its northern portion. Alacam
rocks AT19, AT20A and AT20B were also selected for dating. Sample AT20B is from a
rhyolite dike within the Alacam pluton adjacent to sample AT20A. Zircons were
located petrographically and using a JEOL JSM-6490 scanning electron microscope
(SEM) at the Department of Geological Sciences, University of Texas at Austin.
Identified grains were relocated using an optical microscope and thin sections contain-
ing the minerals were cut into small pieces. The chips were cleaned and mounted with
a pre-polished block of zircon age standards (AS3, 1099 * 1 Ma; Schneider and others,
1999).

In situ zircon ages were obtained using the high-sensitivity/high-resolution CAM-
ECA ims1270 ion microprobe at UCLA. In this method, a 30 pm-diameter beam of
oxygen primary ions bombards a sample and erodes as little as ~10A of the sample
surface during a typical 15 minute analysis. The ion microprobe operated with a
running mass resolution of 4800, a primary accelerating voltage of —12.5 kV, a
secondary voltage of ~10 kV, and arc current ~74.7 to 74.9 mA. To calculate the age,
we use the standard age equation of:

t =1/ #In [1 + (**°Pb/**U),,] (1)



548 E. Catlos, L. Jacob, T. Oyman, & S. Sorensen—Long-term exhumation of an Aegean

350 T T 350 T T o T —
3004 A E 3004 B E
2501 syn-COLG . i 250 - - i
2007 " 4 _ 2001 i
I (] €
% 1504 LI o . % 1504 ] :
~ u ~ ®A A
é N § N R WPG
100+ : 100+ e :
| | ™ . | | ™ .
VAG VAG
50 T T 50 T T T —T
20 60 80 2 7 8 910

40 4 5 6
Yb +Nb (ppm) Yb + Ta (ppm)

Fig. 5. Rb (ppm) vs. (A) Y + Nb (ppm) and (B) Y + Ta discrimination diagrams (Pearce and others,
1984). Data sources and symbols are the same as in figure 4. Abbreviations: “VAG” = volcanic arc,
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where t = age (Ma), N is the decay constant for 28U (assumed to be 1.55125 X
10~ */Ma; Steiger and Jager, 1977) and (QObe/QSSU)Cal is corrected for instrument
dead time, drift, common Pb and is estimated relative to the AS3 age standards. The
method is similar to that described by Compston and others (1984). We used the ZIPS
v.3.0.4 software written by C. D. Coath, which calculates the isotopic ratios and ages
from measured ion intensities. The ion microprobe zircon calibration curve used here
has an equation of:

UO"/U" = 0.430 (**Pb* /U™ Relative Sensitivity Factor) + 5.797 = 0.115 (2)

for the AS3 standard. We obtained 42 spots on the standard grains to develop the
calibration curve, which reproduced the age to 1096 = 64 Ma (*10).

For calculating Th/U ratios of the grains, we analyzed standard 91500 (Wieden-
beck and others, 1995) and used equation (3):

(Th/U)zircon = [(Th/U)91500/(Th+/U+)91500m]*(Tth/UJr)zircon (3)

where (Th/U)g;500 is 0.835 (Wiedenbeck and others, 1995), (Th™ /U™ )g,500m iS mea-
sured in the standard grain (3.153 £ 0.006 in this study), and (Th"/U"); ., is the
measured ratio for each dated grain. In general, Th/U ratios of igneous zircons are
higher than of those affected by metamorphism (Williams and Claesson, 1987; Cavosie
and others, 2004).

All ages reported here are at the *1o level. Two major sources that may
contribute to age uncertainty are: (1) if the grains contain lower amounts of radiogenic
Pb (reported as %2%Pb* in tables 7-9) or (2) if the dated grain’s UO™ /U™ ratio lies
outside the range of the calibration curve, which ranges from 7.028 = 0.014 to 8.634 =
0.045 for this study. To minimize contributions of Pb outside of the dated grain, we
generated an UO" ion image of each grain and inserted aperture windows to restrict
data collection from its center portion. We use the same aperture settings for both
standard and unknown analyses. These windows are essential for in situ analyses, as
significant Pb contamination could arise if sputtered material from outside of the grain
boundaries is measured.

We report two sets of 238y /206py, ages in tables 7, 8 and 9 that have been generated
using different common Pb corrections (measured 204p and 2°°Pb/2°Pb methods;
Faure, 1986). A similar approach is employed by Altunkaynak and others (2012). We
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Fig. 7. (A) CL image of Egrig6z sample WA12B. Mineral abbreviations after Siivola and Schmid (2007).
Boxes indicate the locations of the backscattered electron (BSE) images in (B)z (C) and (D). Abbreviations:

“mym” = myrmekite. Ton microprobe ***U/?°°Pb ages (£10) of the dated zircons are indicated. (E) CL
images of dated zircons in panel (B). (F) CL image of dated zircon in panel (C). (G) CL image of dated
zircon in panel (D). Scale bar for all zircon CL images is 10 pm. If possible, we indicate the location of the
ion microprobe spot as a dashed oval.

discuss and report the **U/?°°Pb ages that have been calculated using the ***Pb
correction in figures 7 through 14, which provides the most concordant results.
In some cases, the *°U/2°7Pb and 2°°Pb/?*’Ph ages of the grains have high
uncertainty, likely due to the small amounts of 207ph* sputtered from the grains
compared to the **°Pb™ contents in the Miocene- to Oligocene-age grains. We
report 2*°U/2°7Ph ages from grains with reasonable uncertainty in table 10 and a
summary of all of the 238U /2%Pb results corrected using the 204ph method,
including average and weighted mean ages in table 11.

To assist with the interpretation of each age, dated zircons were imaged using
secondary electrons and with CL using FEI Nova NanoSEM 430 with attached Gatan
Chroma CL-SP detector at UT Austin’s Bureau of Economic Geology (figs. 7-13). The
SEM-CL operated in high vacuum mode with an accelerating voltage of 10 kV and
~1.3 nA current. The secondary electron images in some cases allowed us to identify
the location of the ion microprobe spot, which are shown in figures 7 through 13. The
zircon zoning patterns are oscillatory and sector, which are consistent with igneous
paragenesis (Cavosie and others, 2004). Individual grains are shades of yellow, black,
blue, and/or green. These colors are primarily controlled by heavy rare earth elements
(REE)®" (see for example, Marshall, 1988; Hanchar and Rudnick, 1995; Corfu and
others, 2003). Trace amounts of Y>©, Ti**", and U*" can also result in yellow and blue
CL emission (Hanchar and Rudnick, 1995). Radiation damage can quench CL (Poller
and others, 2001; Corfu and others, 2003; Nasdala and others, 2003). Although it is
difficult to determine the exact cause of CL in zircon, color CL imaging is a useful tool
to understand possible changes in magmatic conditions as the grains crystallized. This
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image of the 22.7 + 0.2 Ma zircon in panel (B). (F) CL image of the dated zircon in panel (C). (G) CL
images of the dated zircons in panel (D). Scale bar for all zircon CL images is 10 wm. If possible, we
indicate the location of the ion microprobe spot as a dashed oval.
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Fig. 9. (A) CL image of Egrig6z sample AT05A. Boxes indicate the locations of the BSE images in
(B), (C), (D), (E), and (F). Ion microprobe 238y /206pp ages (*10) of the dated zircons are indicated on
the BSE images. (G) CL images of dated zircons in panels (B) and (C). (H) CL images of dated zircons in
panels (D) and (E). (I) CL image of dated zircon in panel (F). Scale bar for all zircon CL images is 10 pm. If
possible, we indicate the location of the ion microprobe spot as a dashed oval.
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Fig. 10. (A) CL image of Koyunoba sample AT12. Boxes indicate the locations of the BSE images in
(B), (C), and (D). Ion microprobe 28U /295Ph ages (*10) of the dated zircons are indicated on the BSE
images. (E) CL image of dated zircons in panel (B) and (C). (F) CL image of dated zircons in panel (D).
Scale bar for all zircon CL images is 10 pm. If possible, we indicate the location of the ion microprobe spot as
a dashed oval.

is the first time that color CL images of either rock thin sections or individual zircon
grains have been reported for these plutons.

FIELD OBSERVATIONS

We targeted five specific contacts across the proposed Simav detachment, but only
two of the five are exposed. The northern Egrigéz pluton near sample AT02 (fig. 2) is
bordered by skarn 10 to 100 meters thick (Oyman and others, 2012). This suggests no
structure exists between the Egrigoz pluton and the country rock it intruded at this
location or the pluton post-dates any faulting. Near sample AT15 (fig. 2), a high angle
normal fault, as evidenced by slickenlines and steps (strike 336°, dip 67° NE) was found
along the border of the Egrigoz pluton and the Simav graben. Note that the Simav
detachment has an expected low dip angle (Isik and Tekeli, 2001). Near sample AT18,
the western border of the Koyunoba pluton was covered by Neogene (Isik and others,
2003) volcanic tuff, therefore the existence of a detachment fault could not be
determined.

GEOCHEMICAL RESULTS AND INTERPRETATIONS

Compositions of the Egrigéz, Koyunoba, and Alacam plutons range from granite
to granodiorite on the total alkali (Na,O + K,O wt.%) vs. silica (SiO,) classification
diagram (fig. 4A) (after Le Maitre and others, 1989; Wilson, 1989), with the exception
of one Egrigdz sample that is diorite (from Akay, 2009) and two of our northern
samples are quartz monzonites (AT03 and AT04B). Silica content in these granitoids
ranges from ~60 to 78 percent (fig. 4A).

The Fe,O4/ (Fe,Og + MgO) vs. SiO, diagram (fig. 4B) can be used to understand
the history of the magmatic source (Frost and others, 2001). Magnesian granitoids are
typical of subduction zones because they are relatively oxidized during differentiation
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Fig. 11. (A) CL image of Koyunoba sample AT14. Abbreviations: “mym” = myrmekite. Boxes indicate
the locations of the BSE images in (B) and (C). Ion microprobe 2381 /296ph ages (*£1o) of the dated zircons
are indicated on the BSE images. (D) CL image of dated zircon in panel (B). (E) CL images of dated zircons
in panel (C). We also include a secondary electron image of zircon 2. Scale bar for all zircon CL images is
10 wm. If possible, we indicate the location of the ion microprobe spot as a dashed oval.

and ferroan granitoids source from anhydrous reduced magmas typical of extensional
environments (Frost and Lindsley, 1991; Frost and others, 2001). In general, the
plutons become more ferroan with increasing SiO, (fig. 4B). All of our Alacam and
Egrigoz samples are magnesian, except two Egrigdéz rocks from the southeastern
border of the pluton (WA10B and WA13). Most of our Koyunoba samples are ferroan,
except three rocks (AT12, AT13, and AT17).

Using the Modified Alkali-Lime index (MALI, Na,O + K,O — CaO, Frost and
others, 2001) the majority of samples are calc-alkalic. Only one of our northern
Egrigoz samples (AT02B) and four of our Koyunoba samples (AT09, AT10, AT11, and
AT17) are alkali-calcic. Variations in this value are due to magmatic source and/or
differentiation history (Frost and others, 2001). MALI numbers tend to become more
alkalic as volcanic arc plutons show a decrease in continental crust contribution, likely
because they are farther from a subduction zone (Frost and others, 2001). We find
these plutons became more alkalic as they increase in SiO, (fig. 4C). Plutons contain-
ing both calc-alkalic and alkali-calcic samples suggest magma mixing because frac-
tional crystallization of the melt should trend parallel to the boundaries of the MALI
indices (Frost and Frost, 2008).

All our samples from the plutons described in this paper are peraluminous using
the aluminum-saturation index [ASI, Al/(Ca — 1.67P + Na + K)] vs. SiOs (wt%)
diagram (fig. 4D) (Frost and others, 2001), except northern Egrig6z rocks AT04A,
ATO05A and AT05B and Alacam sample AT21, which are metaluminous (ASI < 1 and
molecular Na + K < Al). Peraluminous rocks have another aluminous phase present
other than feldspar. These rocks have an ASI > 1 in cation proportions and may be
formed from water-excess melting of mafic rocks.

Using the Rb vs. (Y + Nb) and Rb vs. (Yb + Ta) discrimination diagrams (fig. b),
all of the rocks collected by us are characteristic of a volcanic arc setting. Others have
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Fig. 12. (A) CL image of Alacam sample AT19. Abbreviations: “mym” = myrmekite. Boxes indicate the
locations of the BSE images in (B) and (C). Ion microprobe #**U/?°Pb ages (+10) of the dated zircons are
indicated on the BSE images. (D) CL image of dated zircon in panel (B). (E) CL image of dated zircon in
panel (C). Scale bar for all zircon CL images is 10 pm. If possible, we indicate the location of the ion
microprobe spot as a dashed oval.

reported Egrigdz samples that have trace elements consistent with syn-collisional or
within plate granites (Ozgeng¢ and Ilbeyli, 2008; Akay, 2009). These discrepancies
could be due to hydrothermal alteration, melting of host rocks during crystallization,
magma mixing, depth of emplacement, and crystal settling, or the timing of plutonism
relative to deformation events and tectonic setting. Rb can be mobilized during
hydrothermal fluid alteration events (Mukasa and Henry, 1990) and lead to invalid
interpretations.

The Egrigéz, Koyunoba, and Alacam plutons have similar chondrite-normalized
rare earth element (REE) and trace element patterns (fig. 6). The samples are light
REE enriched and many show negative Eu anomalies due to the fractional crystalliza-
tion of plagioclase under reducing conditions (figs. 6A-C) (Rollinson, 1993). Zircon
concentrates heavy REE over light REE, thus zircon fractionation enriches magmas in
light REE and depletes in Zr. Sr values relative to chondrite indicate plagioclase
fractionation, whereas Ba is controlled by the crystallization of K-feldspar. P is likely
depleted due to the crystallization of apatite and/or monazite in some samples, and
crystallization of titanite and/or rutile is likely responsible for the Ti depletion (figs.
6D-F).

GEOCHRONOLOGY AND CL

Results from the Egrigoz Pluton
Samples WA12B, AT16, and ATO5A were collected from the southern, central,
and northern portions of the Egrigéz pluton (table 1) and have major element
compositions similar to those of plutons inboard of Cordilleran-type batholiths (mag-
nesian, calc-alkalic; Frost and others, 2001).
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Fig. 13. (A) CL image of Alacam sample AT20A. Boxes indicate the locations of the BSE images in
(B) and (C). Ion microprobe 2381 /206ph ages (= 1o) of the dated zircons are indicated on the BSE images.
(D) CL image of dated zircons in panel (B). (E) CL image of dated zircons in panels (B) (left grain) and
(C) (right grain). Scale bar for all zircon CL images is 10 wm. If possible, we indicate the location of the ion
microprobe spot as a dashed oval.

Southern Lgrigoz sample WA12B.—Sample WA12B from the southern portion of the
Egrigoz pluton contains plagioclase of a range of grain sizes (1-3 mm) and zoning types
(fig. 7A). The plagioclase grains are generally retrogressed with a mottled texture and
patchy green to red rims. They are surrounded by K-feldspar, quartz, and/or biotite.
Higher amounts of Ca are responsible for bright yellow-green CL in plagioclase (Catlos
and others, 2011). Red-rimmed feldspars and microcrack boundaries are indicative of
post-crystallization oxidation from fluid alteration (Finch and Klein, 1999). This
process may have also created the red “flame-type” structures within some K-feldspar
grains. Corroded cores in some plagioclase may be relic crystals from previous magmas
(fig. 7A) (Janousek and others, 2000). Some microcracks are blunted at these relic
grain boundaries and may have acted as conduits for fluids to infiltrate cores and
replace plagioclase with muscovite by metasomatism (Kretz and others, 1989). Plagio-
clase crystals may also contain small inclusions of K-Afeldspar, which suggests the
reaction:

9CaAlLSi,Of + 2K* + 2H' — KAISiO, + 2Ca?" + KALSi;O,o(OH),  (4)
plagioclase + (potassium ions + hydrogen ions)i, swiuion —
K-feldspar + (calcium ions);, soruion = Muscovite.

The presence of fluids is clearly documented in the textures of the rock, including
healed fluid inclusion planes and hydrous mineral precipitation within several micro-
cracks. Large intergranular microcracks crosscut the rock and likely formed during
post-crystallization deformation. Brittle deformation textures are also indicated by
broken plagioclase grains, many of which are in close association with biotite (figs. 7A
and 7C). Earlier ductile deformation microstructures are evidenced by grain-boundary
migration of quartz into brownish-green plagioclase. Myrmekite is rare, but is found
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TABLE 7

Ton microprobe *>*U/*°Pb data from zircons from the Egrigiz pluton®

Zm#® 28y %py, 2Pppros  2pp/ By £l Th/U vo Ut
Age (Ma) £16° +16° x107)° tlo +10%
Sample WA12B
45 223+1.1 22411 96.6£04  3463£0.177  0.616+0.013  8.078+0.022
3 214413 212413 87.7+09 332240203  1390£0.030  7.829+0.041
24 203407 214409  663+1.6  3.161=0.111  0.726+0.016  10.20+0.036
2 19.3£1.1 189411 97.741.0  2991+0.167  0357+0.009  8.128+0.051
71 19.0+1.4 172413 684425 295240217 142240097  8279+0.140
Sample AT16
2 22.742.0 187437 146508 352540316  0.546+0.012  7.485+0.038
24 19.6£0.9 181409  92.1414  3.043+0.146  0967+0.027  8.416+0.029
23 19.040.9 18240.8  79.8+1.5  2956+0.134  1230£0.027  8.854+0.046
z1 17.2+0.8 17.6£0.8 81711  2.666+0.119  0.559+0.013  8.773+0.053
5 16.040.9 156513 67.9+1.5 2461 +0.133  0.556+0.013  8.426+0.038
Sample ATOSA

4 241413 247414 84706 377120201  0.408+0.010  7.993+0.020
2 212408 209414  60.6£22  3289+0.196  0.404+0.011  10.32+0.056
Z1 20.4+2.6 174462 261426  3.166+4.106  0.618+0.055  7.761+0.068
26° 19.6£0.9 197409 97.1£04  3.044+0.140  0.851+0.018  8.342:0.020
23 15.740.6 19.140.7 78410 243440092  0.842+0.030  9.188+0.060

* See table 11 for a summary of these results.

" Nomenclature is zircon grain number. Only 1 ion microprobe spot was placed on each grain.

¢ Reported *%U/?°°Pb age. The first age was calculated using **°Pb correction assuming common *°°Pb/
204ph = 18.86, whereas the second age applies a ***Pb correction using the measured **Pb.

4 Percent radiogenically derived *°°Pb.

¢ Measured ratio in sample corrected for common Pb and instrument drift. See text for discussion for
how ages are calculated.

Relative to zircon standard 91500. See text for discussion for how this ratio is calculated.

8 Measured ratio in sample. Ideally the UO™ /U™ of the dated zircon lies within the range defined by the
calibration curve, which ranged from 7.028 * 0.014 to 8.634 *+ 0.045.

along biotite and K-feldspar grain boundaries. Apatite and zircon grains are primarily
clustered within biotite, a common texture in granitic assemblages potentially related
to crystal settling (Ward and others, 1992; Bea, 1996).

Five zircon grains sample WA12B (fig. 7) yield Early Miocene ***U/**°Pb ages that
range from 22.3 * 1.1 Ma to 19.0 * 1.4 Ma, with a weighted mean age of 20.4 = 0.5 Ma
and Mean Square Weighted Deviation (MSWD) of 1.36 (figs. 7 and 14A; tables 7 and
11). Note that in most cases, the ***U/?°’Pb ages of these grains yield large errors; we
attribute this to ion microprobe detection limits in measuring small amounts of
radiogenic *’Pb. The grain with the oldest ***U/?°°Pb age yields a meaningful
235y /207ph age of 22.9 £ 2.9 Ma (table 10). All of the dated zircons are inclusions
within or in contact with biotite grains and the zircon saturation temperature for this
sample is ~788 °C (table 4) (Watson and Harrison, 1983).

To help interpret the results, we obtained CL images of the dated grains. These
images show the zircons as blue, yellow, green, and/or black. Zircons included in a
common biotite grain have blue rims (fig. 7E), but differ in their core colors. Two of
the dated zircon grains have patchy green cores and two have distinctive yellow cores
(figs. 7E and 7G). The change in color may be related to changing magmatic
conditions as the grain crystallized (Hanchar and Rudnick, 1995). Grains with the
green color have higher Th/U contents than the other dated zircons (figs. 7E and 7F).
One large zircon grain is largely green and has a light blue inclusion, likely K-feldspar
(fig. 7F). The oldest grain is yellow and black, has a small, cracked core, and shows
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TABLE 8
Ton microprobe *>*U/*°Pb data from zircons from the Koyunoba pluton®
Zm#® “Sur®py opproy  oppTusic  THU o'’
Age (Ma) £16° z16" (x107)° 1o +10®
Sample AT12
73 sl 30.04£3.9 38.1+4.8 6.4+0.8 4.667+0.616  0.101+0.002 8.815+0.042
Z1_sl 25.8+1.5 24.0+1.8 59.8+1.2 4.003 £0.234  0.388+0.009 7.933+0.029
75 s2 24.5+1.5 25.3+1.4 88.7£2.8 3.801 £0.239 1.994+0.065 7.976+0.020
74 sl 23.9+1.5 22.2+1.8 59.6+1.4 3.710+£0.237 0.400+0.009 7.814+0.024
76_s1 20.842.3 21.3£2.5 42.0+£3.2 3.229 +0.361 0.061+0.002 8.087+0.034
75_sl 20.4+1.2 22.0+1.2 89.1+1.7 3.171+£0.183  0.770+0.030 7.978+0.051
72 sl 16.9+1.4 19.842.7 20.1£1.2 2.624 £0.217 0.713£0.017 7.969+0.033
Sample AT14
Z1 sl 26.6£2.5 27.3£2.9 61.2+1.5 4.141+0.389 0.429+0.010 7.127+0.042
73 sl 21.9+1.4 21.0£1.6 73.7£1.9 3.400+0.220 0.417+0.011 7.896+0.048
74 sl 21.4+1.1 21.1+1.1 95.6+0.4 3.324+0.168 0.407+0.009 8.100+0.022
72 sl 14.7+2.6 2.3+6.2 8.0£1.4 2.275£0.410 0.954+0.028 11.34+0.15

* See table 11 for a summary of these results.
Nomenclature is zircon grain number_ion microprobe spot number. .

¢ Reported **U/?°°Pb age. The first age was calculated using **°Pb correction assuming common **°Pb/
204ph = 18.86, whereas the second age applies a 204Ph correction using the measured ***Pb.

4 Percent radiogenically derived 2°°Pb.

¢ Measured ratio in sample corrected for common Pb and instrument drift. See text for discussion for
how ages are calculated.

Relative to zircon standard 91500. See text for discussion for how this ratio is calculated.

8 Ideally the UO™ /U™ of the dated zircon lies within the range defined by the calibration curve, which
ranged from 7.028 = 0.014 to 8.634 = 0.045.

oscillatory zoning, typical of igneous crystallization (fig. 7G) (see for example, Corfu
and others, 2003). The youngest zircon is small (~10 wm) with patchy zoning and is
dominated by a blue color (fig. 7E).

Middle Fgrigoz sample AT16.—Sample AT16 was collected ~15 km north of sample
WAI2B in the middle of the Egrigoz pluton and shows largely similar textures (figs. 2
and 8). This rock also contains apatite and zircon concentrated within biotite grains.
K-feldspar is more abundant than plagioclase. Plagioclase grains of different sizes show
a range of zoning types including normal (high-Ca cores and lower-Ca rims), patchy,
and oscillatory zoning (fig. 8A). Some plagioclase cores are corroded. Cross-cutting
relationships of microcracks within quartz and feldspars document brittle deforma-
tion. Small intergrowths and cores of K-feldspar within plagioclase suggest alteration
was aided by hydrothermal fluids (Drake and others, 2008; Morad and others, 2010).
Unlike WAI2B, sample AT16 has calcite-filled microcracks within quartz and feldspar
grains. We also do not see as many red-brown plagioclase rims, evidence for grain
boundary migration, and myrmekite is absent. i

Five zircon grains from sample AT16 yield Miocene 238U/20°Pb ages ranging from
22.7 = 2.0 Ma to 16.0 = 0.9 Ma, with a weighted mean age of 20.8 = 0.4 Ma and a
MSWD of 15 (figs. 8 and 14A, tables 7 and 11). The MSWD indicates the ages are
inconsistent with a single population. Similar to sample WA12B, this rock has a zircon
saturation temperature of ~774 °C (table 3) and the zircons are located within or
adjacent to biotite.

Most of the individual dated zircon grains show oscillatory zoning in CL, indicative
of igneous crystallization (Cavosie and others, 2004). The CL colors are yellow, black,
and blue. The youngest zircon is dominated by a blue hue and is located within a
biotite that has sharp grain boundaries, whereas the older grains are mostly yellow in
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TABLE 9
Ton microprobe *>*U/*"°Pb data from zircons from the Alagam pluton”
Zm#  PPU/Pb Age “®pprog,  Wpp/AtU Th/U Uo' /U’
(Ma) +16° +]¢¢ +16(x107)° tlof +lo'
Sample AT19

Z2 25.3+1.5 252+1.5 81.2+0.5 3.936+0.236 0.254+0.006 7.821+0.052
Z1 20.7£2.1 19.3£24  56.3+1.5 3.209+0.321 0.805+0.022  7.000+0.029
Sample AT20A
Z2 21.7¢1.1 22.8+1.4 45.7+1.0 3.377+0.173 0.207+0.010 8.335+0.039
Z4 21.9¢1.1 21.9£1.1 98.9+0.2 3.395+0.174 0.453+£0.010 8.049+0.011
Z1 20.4+1.0 20.9+1.1 95.0+0.4 3.170+0.163  0.397+0.009 8.079+0.014
Z3 18.6+0.8 18.9+0.8 96.0+0.5 2.887+0.121 0.528+0.013 8.614+0.013
Sample AT20B
Z1 17.5£0.9 17.3£0.9 99.9+0.7 2.720+0.139 1.801+0.038 8.177+0.035

* See table 11 for a summary of these results.

b Nomenclature is zircon grain number. Only 1 ion microprobe spot was placed on each grain.

¢ Reported **¥U/2°°Pb age. The first age was calculated using a 2?°Pb correction assuming common °°Ph/
201Ph = 18.86, whereas the second age applies a ***Pb correction using the measured ***Pb.

4 Percent radiogenically derived 2°°Pb.

¢ Measured ratio in sample corrected for common Pb and instrument drift. See text for discussion for
how ages are calculated.

fRelative to zircon standard 91500. See text for discussion for how this ratio is calculated.

8 Ideally the UO™ /U™ of the dated zircon lies within the range defined by the calibration curve, which
ranged from 7.028 = 0.014 to 8.634 * 0.045.

color and are located near or within subhedral biotite grains (fig. 8). One grain has
what appears to be multiple, euhedral zircon grains within its core and a partially
resorbed inner rim (fig. 8F). This zircon has the highest Th/U of all of the dated grains

TasLE 10
Ton microprobe > U/?*"Pb data from zircons from all plutons
Z50U7Pb Age LYY LELT ST
Sample# Zrn#® (Ma) +16° +16° +16(x107)¢
Egrigoz pluton
WAI12B_Z75 22.942.9 62.244.7 22.80+£2.37
ATOS5A_Z4 21.943.4 21.9£3.0 21.80+3.43
ATO5A_Z6 17.6£1.9 62.7£5.9 17.44+1.95
Koyunoba
AT14 71 21.742.5 55.3+4.7 21.60+2.55
Alagam
AT19_72 22.743.9 17.8+£2.7 22.59+3.93
AT20A_Z1 14.242.0 42.245.2 14.13£2.00
AT20A_73 11.0£1.9 44.0£7.3 10.93£1.92
AT20A_Z4 19.5£1.3 82.4+2.8 19.40+1.23
AT20B 71 18.7+2.4 98.6+11.7 18.55+2.44

“ Nomenclature is sample number zircon grain number spot number. X

P Reported 2*°U/2°Pb age. All ages calculated 2°°Pb correction assuming common 2°°Pb/2**Ph = 18.86.

¢ Percent radiogenically derived **"Pb.

4 Measured ratio in sample corrected for common Pb and instrument drift. See text for discussion for
how ages are calculated.
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TaBLE 11

Summary of >*U/?’°Pb ion microprobe ages

Average age Weighted Mean MSWD¢
(&lo) Age (x1o)

Egrigoz
WAI2B 20.5+1.1 20.4+0.5 1.36
ATI16 18.9+1.2 20.8+0.4 15.0
ATO5A 20.2+1.4 20.8+0.4 21.3
All samples 19.9+1.3 20.7+0.2 10.4

Koyunoba

ATI2 23.242.1 26.0+0.6 12.4
AT14 21.1£2.0 20.6+0.8 4.1
All samples 22.442.1 24.1+0.5 6.6

Alagam
AT19 23.0+1.8 21.7+0.9 9.3
AT20A 20.6+1.0 21.0+0.5 3.0
All samples 21.4+1.4 21.7+0.4 4.7

* Average age of the dated zircons calculated assuming equal weight to each error.

" Weighted mean age, calculated using standard statistical methods with the precision of uncertainty
taken into account.

¢ MSWD = mean square weighted deviation, an estimate of the weighted mean age being consistent
with a single population.

in this rock. The youngest zircon is reversely discordant (fig. 14A), likely due to an
overcorrection in the amount of common Pb.

Northern Egrigoz sample ATOSA.—Sample ATO5A was collected from the most
northern part of the Egrigoz pluton and contains plagioclase grains significantly more
altered than the other samples (figs. 2 and 9). This rock contains a large K-feldspar
grain that envelopes quartz, biotite, and smaller corroded plagioclase grains (fig. 9A).
Plagioclase grains are affected by swarms of microcracks and are commonly altered to
K-feldspar (bright blue) and/or calcite (orange), suggesting carbonate-rich fluids
affected the rock. Veins within deteriorated plagioclase are filled with K-feldspar.
These veins likely acted as conduits to facilitate the alteration (Morad and others,
2010). Calcite is located in cores of deteriorated plagioclase and also fills microcracks
within quartz and K-feldspar. Quartz fills microcracks that link plagioclase and/or
biotite grains. Some biotite grains are surrounded by haloes of quartz (figs. 9C and 9F).
Similar to the other Egrigoéz rocks, apatite and zircon grains are concentrated in or
near biotite.

Four zircon grains from the sample ATObA yield Late Oligocene to Middle
Miocene ***U/?"Pb ages from 24.1 = 1.3 Ma to 15.7 = 0.6 Ma, with a weighted mean
age of 20.8 = 0.4 Ma and a MSWD of 21.3 (figs. 9 and 14, tables 7 and 11). Two of the
dated grains yield meaningful Miocene **U/?"Pb ages, consistent with their 2**U/
206p, ages (table 10). Although most of the CL images of the dated zircons show
oscillatory zoning, one grain shows a mainly dark color in CL and has a Th/U of
0.851 * 0.018 (zircon 6, fig. 9H). Two of the grains show evidence of possible smaller
zircon inclusion (s) within their cores (zircons 1 and 5, figs. 9G and 9I). One of these
grains did not yield a meaningful age (zircon 5) and also shows a resorbed inner rim
(fig. 9G), whereas the other is reversely discordant (fig. 14A). The youngest zircon
grain has a broken edge and is largely blue in CL, a color typical of the youngest zircon



560 E. Catlos, L. Jacob, T. Oyman, & S. Sorensen—Long-term exhumation of an Aegean

0.006 - T T T
A. Egrigoz —WA12
—AT16
AT16_z2 * 30Ma — ATO5A
0.004 E
5 ATO05_Z1
&
o
o
]
N 0024 AT16_Z5 i
10Ma
average age: 19.9+1.3 Ma
WM age: 20.7+0.2 Ma
MSWD= 10.4
0000 T T T T
-0.08 -0.04 0.00 0.04 0.08 0.12
0.006 T T T
B. Koyunoba AT12_Z3
P
D 0004+ ) —AT12]
8 X —AT14
IS
o
©
Q&
0.002 i
10Mar’
average age: 22.4+2.1 Ma
WM age: 24.1+0.5 Ma
MSWD-= 6.6
OOOO T T T T
-0.08 -0.04 0.00 0.04 0.08 0.12
0.006 . . . .
C. Alacam
0005 —AT19
’ ] = 30Ma _ATZOA-
-— AT20B
0.004 i
o)
R
. 0.003 4
Ke)
o
©
& 0002 4
10 Ma =
0.001 average age: 21.4+1.4 Ma|
WM age: 21.74+0.4 Ma
MSWD= 4.7
0.000 - t T T
0.08 0.04 0.00 0.04 0.08 0.12
207Pb/235U

Fig. 14. Concordia diagrams of the zircons dated in the (A) Egrigoz, (B) Koyunoba, and (C) Alacam
granitoids. We identify some individual analyses by sample number and “z.” The ***U/?"°Pb average age,
weighted mean age, and MSWD of all of the zircon ages (*10) are indicated in the lower right corner of
each concordia diagram. See tables 7-11 for analytical details.



metamorphic core complex granitoids in the Northern Menderes Massif, western Turkey 561

grains dated in the Egrigoz pluton. This sample has a zircon saturation temperature of
~780 °C (table 2), similar to other Egrigoz rocks.

Results from the Koyunoba Pluton

Samples AT12 and AT14 were collected from the eastern edge and northern
portion of the Koyunoba pluton, respectively (table 1 and fig. 2). Sample AT12 is
similar to the Egrigdz rocks as it has a major element composition similar to those of
plutons inboard of Cordilleran-type batholiths (magnesian, calc-alkalic). However,
sample ATI14 appears to have a two-mica granite, A-type signature (ferroan, calc-
alkalic; Frost and others, 2001).

Eastern edge Koyunoba sample AT12.—Sample AT12 has a cumulate texture and
shows evidence of fluid alteration (figs. 2 and 10). K-feldspar is commonly altered in
color along grain boundaries and microcracks. The mineral is often consumed by
plagioclase and fills microcracks in larger plagioclase grains. As seen in the Egrigoz
samples, coarse-grained apatite and zircon are commonly included in biotite grains.
This rock consists of plagioclase grains of different sizes with multiple generations of
microcracks and veins filled with K-feldspar and quartz. At least two generations of
plagioclase are present: one of large, patchy bright green grains, and a second of
brown grains that consume K-feldspar and existing plagioclase.

Six zircon grains from sample AT12 range have Early Oligocene to Early Miocene
287 /20Ph ages from 30.0 + 3.9 Ma to 16.9 + 1.4 Ma, with a weighted mean age of
26.0 = 0.6 Ma and a MSWD of 12.4 (figs. 10 and 14, tables 8 and 11). The oldest dated
zircon (grain 3) is yellow in CL and is surrounded by iron oxide within a biotite grain
(figs. 10C and 10E), whereas the youngest grain (zircon 2) has a bluish hue and is an
inclusion in biotite (figs. 10D and 10F). The oldest grain and one nearby (zircon 4)
shows oscillatory zoning in CL with dark bands that parallel crystal edges. The zircon
grains with the lowest Th/U are found in this rock, including an Oligocene (zircon 3,
0.101 = 0.002) and Late Miocene grains (zircon 6, 0.061 = 0.002). We were able to
place two on microprobe spots on one Miocene grain that has a complex, patchy core
and oscillatory-zoned rim (zircon 5) (fig. 10E). The spot thatyields the older age of this
zircon has a much higher Th/U content than that of the younger age (1.944 = 0.065
vs. 0.770 = 0.030). The rock records a lower zircon saturation temperature than the
Egrigdz samples of ~762 °C (table 5).

Northern Koyunoba sample AT14.—Sample AT14 was collected from the northern
edge Koyunoba pluton, closest to the proposed Simav detachment (figs. 2 and 11). CL.
images reveal coarse-grained subhedral plagioclase grains with altered edges and large
K-feldspar and quartz grains. Myrmekite is common at both K-feldspar and plagioclase
grain boundaries. Some plagioclase phenocrysts have dark deteriorated cores filled
with muscovite. Apatite and zircon are found near biotite grains, as is typical of the
imaged granitoids. Grain boundaries in quartz appear bright green, suggesting the
presence of small veins of plagioclase. K-feldspar is also seen as filling microcracks
along grain boundaries in quartz (fig. 11A).

Four zircon grains were dated from sample AT14 and yield Late Oligocene to
Miocene ages (26.6 = 2.5 Ma to 14.7 = 2.6 Ma), with a weighted mean age of 20.6 = 0.8
Ma and a MSWD of 4.1 (figs. 11 and 14, tables 8 and 11). These ages are consistent with
the results from other samples in the field area. The oldest grain is within a quartz
inclusion in biotite and shows a blue and black pattern in CL consistent with its
symmetry (fig. 11D). This grain also yields a meaningful #**U/?°’Pb age of 21.7 = 2.5
Ma (table 10). The youngest grain is also blue and is located at the edge of a biotite
grain. The CL image of this grain shows a distinctive crack, although it is not visible in
the secondary electron image likely because it has annealed or healed (fig. 11E).
Radiation damage in zircon can heal over geologic time at temperatures >200 to
250 °C (for example, Nasdala and others, 2001). The Th/U content of this grain is
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high compared to the other older zircons (0.954 = 0.028 vs. ~0.407-0.429) (fig. 11;
table 8). The biotite that contains the young grain also has bluish zircon inclusions that
are 21.9 * 1.4 Ma and 21.4 * 1.1 Ma with igneous oscillatory zoning (figs. 11C and
11E). This rock records the highest zircon saturation temperature of any of the dated
rocks of ~805 °C (table 5).

Results from the Alagam Pluton and Crosscutting Volcanic Rock

Samples AT19 and AT20A were collected from the Alacam pluton (fig. 2 and table
1) and have major element compositions similar to those of plutons inboard of
Cordilleran-type batholiths (magnesian, calc-alkalic, Frost and others, 2001). We also
dated a single zircon from sample AT20B, which is from a hydrothermally altered
rhyolite dike within the Alacam pluton at the same location as AT20A (see table 1 for
mineral assemblage). This rock was dated to constrain the timing of the latest stage of
igneous activity.

Alagcam sample AT19.—Sample AT19 has calcite located in cores of plagioclase,
quartz veins, and along cleavage cracks in hornblende (figs. 2 and 12A). Plagioclase
grains of multiple sizes have cracked and deteriorated cores filled with muscovite and
calcite. Microcracks through plagioclase grains likely acted as conduits for fluid to
enter the cores. Quartz also fills grain boundaries and microcracks within K-feldspar.
Apatite and zircon grains are concentrated within biotite grains as is typical of these
granitoids.

We only dated two zircons grains from sample AT19, which are 25.3 = 1.5 Ma and
20.7 = 2.1 Ma (fig. 12; table 9). Both grains are concordant (fig. 14C) and the
young grain also yields a meaningful ***U/?*"Pb age of 22.7 = 3.9 Ma (table 10).
These zircons show black and blue colors and oscillatory zoning in CL (figs. 12D and
12E). The youngest zircon is located within a biotite and appears to have been cracked
and recrystallized along a cleavage plane (figs. 12B and 12D). The crack is filled with
material that shows an orange color in CL. The ion microprobe spot was placed on a
dark core in this portion of the grain that yields a much higher Th/U content than the
other dated zircon (0.805 £ 0.022 vs. 0.254 = 0.006). The zircon saturation tempera-
ture of this rock is ~778 °C (table 6).

Sample AT20A.—Sample AT20A was collected ~0.6 km northwest of sample AT19
(fig. 2) and contains large altered plagioclase grains locally surrounded by K-feldspar
(fig. 13A). In some places, corrosion textures exist within plagioclase grains evidenced
by alteration of the mineral to darker green. Microcracks are abundant and appear to
have been conduits for fluid alteration. Many smaller plagioclase grains are sur-
rounded by K-Afeldspar halos. Orange calcite is located within cleavage planes and
microcracks within biotite grains. Quartz microfractures are filled with small K-feldspar
blebs. Sample AT20A also contains abundant apatite and zircon, again, located
primarily adjacent or within biotite grains. )

Four zircons from sample AT20A were dated and have ***U/?’°Pb ages that range
from 21.9 * 1.1 Ma to 18.6 = 0.8 Ma with a weighted mean age of 21.0 = 0.5 Ma and
MSWD of 3 (figs. 13 and 14, tables 9 and 11). The oldest grain is located within a biotite
grain and shows blue and black colors and oscillatory zoning in CL. This grain also
yields a 2*°U/2°Pb age of 19.5 = 1.3 Ma (table 10). A distinctive mottled zoning
pattern is seen in two yellow and black zircon grains (figs. 13D and 13E). The spots that
overlapped this mottled pattern yield much lower Th/U contents than grains that
show oscillatory zoning (figs. 13D and 13E). One of the zircons with a mottled mid-rim
yields a 2*°U/27Pb age of 14.2 = 2.0 Ma (grain 1), whereas the youngest zircon in the
rock is an inclusion in biotite and has a 235U/207Pb age of 11.0 = 1.9 Ma (grain 3, table
10). The grain is bluish in CL and shows oscillatory zoning. Sample AT20A records a
zircon saturation temperature of ~786 °C (table 6).
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Volcanic sample AT20B.—Sample AT20B (fig. 2) from the rhyolite dike contains
biotite and subhedral plagioclase phenocrysts in a groundmass of K-feldspar and
quartz. Accessory minerals are scarce but some zircons are found concentrated
near biotite grains and within the groundmass. We dated a single zircon grain from
sample AT20B, which yields a 2**U/2°°Pb age of 17.5 = 0.9 Ma (***U/?°"Pb age
is 18.7 £ 2.4 Ma; table 10). This grain has the highest Th/U of any of the dated
grains (1.801 = 0.038; table 9).

DISCUSSION

Data

The majority (~80%) of the reported compositions of the Northern Menderes
Massif granitoids indicate they are magnesian, calc-alkalic and peraluminous granite to
granodiorites. Magnesian granites are typical of subduction zones whereas ferroan
granites are typical of extensional environments (Frost and Lindsley, 1991; Frost and
others, 2001). Many of the Northern Menderes Massif granitoids are similar geochemi-
cally to plutons in the main portion of the Corderilla, such as the Northern Idaho
batholith (Frost and others, 2001), although variations in their chemistry exist (figs.
4-6). The range of compositions have been reported for the Egrigéz, Koyunoba, and
Alacam plutons (Ozgeng and Ilbeyli, 2008; Dilek and others, 2009; Ilbeyli and Kibici,
2009; Akay, 2009) likely reflects heterogeneities caused by magma mixing, partial
melting, crustal contamination, and post-emplacement fluid interactions. We suggest
that the presence of both may be a result of a change from compression to extension in
the Aegean region and multiple sources for the origin of these rocks.

Although the granitoids imaged and dated here were collected from fresh
outcrops, fluid-rock interaction is evidenced in all samples by the variation of CL colors
along grain boundaries and microcracks, patchy zoning within feldspars, chemical
alteration of plagioclase grains, and the presence of calcite precipitated in microc-
racks, and muscovite in deteriorated plagioclase cores. Different grain sizes and zoning
patterns of plagioclase, corroded relic cores, and “flame-type” structures within K-
feldspar are evidence of magma mixing (JanouSek and others, 2000; Salisbury and
others, 2008; Catlos and others, 2011).

Zircon grains in all of the northern Menderes granitoids are found only near, in
contact with, or adjacent to biotite grains. This textural relationship indicates that
zircon was likely unstable in the quartzofeldspathic portion of the rock and accumu-
lated as biotite crystallized (Watt and others, 1996). We do not see significant
differences in zircon saturation temperatures for any of the compositions for these
plutons, which average 782 = 12 °C.

Overall, the granites contain zircon grains that overlap in age. They crystallized
over a ~15 m.y. time frame, predominantly centered ~20 Ma (table 11). The length of
time is not unusual; continual generation of magmas in a mantle wedge is possible
even after the cessation of subduction (Harris and others, 1994). The plutons may have
started to crystallize as early as the Oligocene and were exhumed by the Middle
Miocene. The results indicate the proposed Simav detachment does not separate rocks
of widely differing ages and that, instead, the three plutons should be treated as a unit
in terms of their Oligo-Miocene exhumation history. More fieldwork is required to
discern the precise location and role of this proposed structure in exhuming these
rocks, as in many places it is not evident (near samples AT02-AT08, near sample AT18,
fig. 2). The volcanic zircon from a sample that crosscuts the Alacam pluton, data from
low temperature thermochronometers (Thomson and Ring, 2006), and the young
2351 /297pp ages of some zircons (table 10) suggest the plutons were nearing the
surface by the Middle to Late Miocene.
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Fig. 15. Lithospheric-scale cartoon cross-section of the Aegean region showing potential sources for the
Northern Menderes Massif granitoids and their tectonic environment. The time frame for the cross-section
is Late Oligocene to Early Miocene. The subduction zone cartoon is adapted from Cloos and others (2005).
Scale is a rough approximation. Western Turkey is modeled as a region of stacked subduction zones that
operated at different times. During the Early to Late Cretaceous, the Tavsanli Zone develops. During the
Eocene, granitoid arc magmas from the northern edge of the Anatolide-Tauride block intrude the Tavsanh
Zone. During the Oligocene this slab breaks off that allows adiabatic decompression melting in Tavsanh
lithospheric mantle. The Hellenic Arc experiences ongoing subduction and is also a source for the Northern
Menderes granites. See text for further discussion.

We note that the older Oligocene to Early Miocene zircons typically show a yellow
color in CL and younger Late Miocene grains are often characterized by a blue hue
(for example, fig. 8). A change in color in CL of the zircon grain likely reflects a
change in magmatic composition (Hanchar and Rudnick, 1995). We saw no clear
correlations between Th/U and zircon age, color or zoning pattern, although higher
Th/U ratios are typically shown by zircons with black or dark green colors in CL (figs.
7-9) and the Alacam zircon grains with mottled yellow zoning patterns have lower
Th/U contents than those without these patterns (fig. 13). All zircons have Th/U
contents consistent with igneous crystallization (>0.1) (Cavosie and others, 2004),
except a single 10 wm-sized 20.8 * 2.3 Ma grain from the Alacam pluton (0.061 *=
0.002).

Model

We suggest the Egrigoz, Koyunoba, and Alacam plutons were emplaced in a
regime dominated by extension following the collision of the Anatolide-Tauride Block
with the Tavsanli Zone. Figure 15 is a lithospheric-scale cross-section of western
Anatolia during the Late Oligocene to Early Miocene from the Sarkaya zone in the
north to the African plate in the south. The region is shown as an amalgamation of
stacked subduction zones that operated at different times. The Menderes Massif is
located south of the Tavsanli Zone, which is characterized by HP/LT assemblages
intruded by Eocene-Oligocene age granitoids (for example, the Orhaneli, Topuk,
Goyniikbelen, and Tepeldag plutons; Harris and others, 1994; Delaloye and Bingol,
2000; Whitney and others, 2011). The Tavsanli Zone is bound to the north by the
Izmir-Ankara-Erzincan Suture Zone, which marks the closure of a branch of the
Neo-Tethyan ocean and the division of rocks of Laurasian affinity in the north (for
example, Sarkaya zone) from those associated with Gondwana to the south (for
example, Anatolide-Tauride block) (Okay, 1984; Okay and others, 1998; Okay, 2008;
Moix and others, 2008). This suture formed largely during the Eocene (see for
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example, Moix and others, 2008) but the Tavsanli Zone is characterized by Late
Cretaceous subduction metamorphism (see for example, Sherlock and others, 1999;
Whitney and others, 2011). The Menderes Massif is located south of the Tavsanli Zone
and is currently experiencing large-scale extension likely due to the roll back of the
African slab along the Hellenic arc (see for example, ten Veen and Postma, 1999; Laigl
and others, 2004; Dhont and others, 2006; Bonev and Beccaletto, 2007; Dilek and
Sandvol, 2009).

Figure 15 shows possible sources for the generation of Northern Menderes Massif
granitoids in the back arc setting (see also Flower and others, 2001), which include
simple slab induced upwelling, adiabatic decompression as the northern edge of the
Anatolide-Tauride block delaminates, and upwelling asthenosphere as the continental
lithosphere thins during extension. It is possible that a slab of negative buoyancy
(oceanic) located on the northern edge of the Anatolide-Tauride block delaminates
and magma migrates into the northern portion of the Menderes Massif during the
Oligocene to Late Miocene. Recent mantle tomography shows the potential for slab
tear and hot asthenospheric upwelling just south of the field area in the Kula region
(Biryol and others, 2011). However, we speculate that a primary source of these rocks is
partial melting of the subducting African plate and overlying lower-middle crust of the
Eurasian plate (for example, Dilek and others, 2009), although other sources exist,
including the decompression melts and contributions from upwelling asthenosphere
(Alici and others, 2002; Tokcaer and others, 2005). Our data show that the Northern
Menderes Massif granites have a range of sources.

Zircon ages are consistent with the magmatism largely propagating from the
north to the south in the Aegean region (also shown by Dilek and Altunkaynak, 2007;
Jolivet and Brun, 2010). Monazite ages from granites located ~150 km south of our
rocks in the central Menderes Massif are Middle Miocene (15.0 = 2.8; Salihli
granodiorite, 15.0 £ 1.7 Ma; Turgutlu granodiorite; Catlos and others, 2010). Zircon
from intrusions in the Naxos metamorphic core complex to the southwest are 15.4 to
11.3 Ma (Keay and others, 2001), whereas those from Mykonos are 13.5 * 0.3 Ma
(Brichau and others, 2008). Mylonitic orthogneisses related to the initial stage of a
metamorphic core complex formation from Serifos are 15 to 11 Ma (Rb-Sr ages)
(Iglseder and others, 2009). K-feldspars from mylonitic augen gneisses from the South
Cyclades Shear Zone on the Greek island of Ios experienced an episode of argon loss
~14 Ma, likely due to a thermal pulse coincident to and related to the intrusion of
magmas (Baldwin and Lister, 1998). These timing constraints suggest extension has
propagated from north to south during the Oligocene to Miocene in the Aegean
region (Dilek and Altunkaynak, 2007; Jolivet and Brun, 2010). This may be the result
of a combination of slowing subduction along the Hellenic arc and the development of
extensional structures in these core complexes.

The method employed here, correlating in situ ion microprobe geochronology,
major and trace element whole rock geochemistry, with CL imaging at both the grain-
and thin section—scales is a powerful method for deciphering tectonomagmatic history
of Northern Menderes Massif granitoids, and could be applied in similar ways to other
similar settings both in Turkey and elsewhere. The data and observations provide key
information regarding the timing pluton emplacement, their exhumation, and com-
plex fluid history.
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