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ABSTRACT

Isotopic dating of sheared and unsheared rocks can be important in understanding deformational processes in orogenic
belts. This study examines “°Ar/3? Ar dating of granitoids and mylonitic rocks to constrain intrusive and deformational
events within the northern part of the central Anatolian crystalline complex (CACC). The Kerkenez granitoid within
this complex, comprising primarily quartz monzonite and hornblende granite, contains discrete ductile shear zones.
These zones are characterized by protomylonite and mylonite formations with metamorphism conditions that reach
lower amphibolite facies, mylonitic foliations and lineations, and asymmetric kinematic indicators (e.g., asymmetric
porphyroclasts, composite shear bands) with top-to-the-northwest shear senses. Considering the high closure temper-
atures (~500°C for hornblende and ~350°C for K-feldspar), both hornblende quartz monzonite and hornblende granite in
the Kerkenez granitoid may have cooled rapidly, suggesting that hornblende quartz monzonite may have been emplaced
at around 81.2 +0.5 Ma and that it is older than hornblende granite, which has a well-defined plateau age (72.6 +
0.2 Ma). On the basis of intrusive relations and our *°Ar/3° Ar age data, we can constrain the upper age limit (~81 Ma) on
the regional metamorphism in the northern part of the CACC. The “°Ar/3°Ar dating of hornblendes in two mylonite
samples from a ductile shear zone yields plateau ages of 71.6 +0.3 and 71.7 =+ 0.2 Ma, respectively. K-feldspars in the
same samples yield plateau ages of 71.6 + 0.2 and 81.3 + 0.2 Ma. Therefore, we adopt 71.6 +0.3 and 71.7 + 0.2 Ma as the
cooling ages of hornblende and K-feldspar, respectively, in the ductile shear zone. On the other hand, an age of 81.3 +
0.2 Ma for deformed K-feldspar appears to reflect not the age of ductile deformation but rather the age of undeformed
hornblende quartz monzonite. These age data suggest that the shear zones formed soon after the emplacement and
cooling of hornblende granite. The cooling event of the shear zones is interpreted to be associated with the beginning of
extension in the region. Furthermore, these data imply that metamorphism, emplacement, and cooling of the intrusives
and ductile shearing of the intrusions were coeval in the region and occurred in the Late Cretaceous.

Online enhancement: appendix table.

Introduction

The Alpine orogeny was the result of the closure of  closure of different branches of the Neo-Tethys
the Neo-Tethys Ocean, the collision of Laurasiaand  Ocean during Late Cretaceous-Miocene time
Gondwanaland, and the deformation of their mar-  (fig. 1a; e.g., Seng6r and Yilmaz 1981; Robertson
gins since the Late Cretaceous. Turkey is part of the =~ and Dixon 1984; Poisson 1986; Okay and Tiysiiz
Alpine-Himalayan chain, which is characterized by ~ 1999). The Izmir-Ankara-Erzincan (IAE) suture, ex-
the presence of several major continental fragments  tending about 2000 km, is the major suture sepa-
and suture zones that formed as a result of the rating the Pontides from the Anatolide-Tauride

platform (fig. 1a). While the Pontides display Laura-
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106 Taipei, Taiwan. The Karsehir block is the region surrounded by the
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IAE suture in the north and the controversial Inner
Tauride suture in the south (fig. 1a). The block
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Figure 1.

a, Map showing major tectonic elements of Turkey. Striped lines represent suture zones (modified from Okay

and Taystz 1999). Inset map displays area of the Alpine orogeny covering Turkey and its surroundings. b, Simplified
geologic map of central Turkey, showing distribution of major rock units in the central Anatolian crystalline complex.

consists of massifs (Kirsehir, Akdag, and Nigde) that
are widely referred to as the central Anatolian
crystalline complex (CACC) and basins (fig. 1b).
The CACC includes Late Cretaceous intensive
magmatic rocks that have been the subject of many
investigations for the past 3 decades; the petro-

graphy, geochemistry, age, and tectonic setting of
these intrusives have been discussed (e.g., Sengor
and Yilmaz 1981; Tiystz et al. 1995; Erler and
Gonciioglu 1996; Goncuoglu et al. 1997; Whitney
and Dilek 1997; Boztug 2000; Fayon et al. 2001;
Kadioglu et al. 2003; Boztug et al. 2004; Koksal et al.
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2004; Whitney et al. 2004; Tatar and Boztug 2005).
Although there is not yet a consensus on the petro-
genesis, age, and geodynamic interpretation of
these intrusives, the evidence provided by these
studies indicates that (1) the CACC contains di-
verse magmatism that varies from peraluminous
and metaluminous to alkaline/peralkaline; (2) the
complex includes many plutons with granitoid and
syenitoid components; (3) these plutons are prod-
ucts of either syncollisional to postcollisional mag-
matism or arc magmatism; and (4) the age of the
granitoids is Late Cretaceous, Late Cretaceous—
Early Focene, Paleocene-Eocene, and Miocene (for
details, see table 1).

Within the Yozgat batholith (YB), some workers
have examined petrographical and geochemical fea-
tures, and a variety of geochemical interpretations
has been presented (e.g., Erler and Gonctioglu 1996;
Boztug 2000). The studies suggest the presence of S-
and I-type syn- and postcollisional granitoids. In
particular, geochronological data from the gran-
itoids within the northern part of the CACC lack

Table 1.
Complex
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constraints for not only the emplacement ages of
the granitoids but also the ages of the mylonitic
deformational events related to the postcollisional
uplift and exhumation.

The dating of minerals using the 4°Ar/3Ar
method is a commonly used technique to date
crystallization and deformation and to determine
thermochronology (e.g., Foster et al. 1992; Kohn
et al. 1997; Bingen et al. 1998; Fossen and Dunlap
1998; Lips et al. 1998; Zegers et al. 1999; Wang and
Lu 2000; Xu et al. 2000; Reddy et al. 2001; Isik et al.
2004; Jourdan et al. 2004; Wang et al. 2007). The
closure temperature for argon in hornblende and K-
feldspar shows a down-temperature progression
(500°C for hornblende and 350°C for K-feldspar;
e.g., McDougall and Harrison 1988), so analyses
of hornblende yield consistently older ages because
of its higher closure temperature. On the other
hand, K-feldspars are analyzed to study their low-
temperature cooling history (e.g., Reddy et al. 2001).
The “0Ar/?? Ar geochronology can also be used to
determine the time of mylonitic deformation (e.g.,

Previous Geochronology Data from Granitoids/Syenitoids of the Central Anatolian Crystalline

Pluton (map code)

and rock unit Age (Ma) Method Reference
Agacoren (AG):
Granite 110 =14 Rb-Sr (whole rock) Giileg 1994
Granite 776+ .3 Ar-Ar (biotite) Kadioglu et al. 2003
Gabro 786+ .3 Ar-Ar (amphibol)
Baranadag (BD):
Quartz monzonite 54 Total Pb (zircon) Ayan 1963
Quartz monzonite 740+ 2.8 U-Pb (titanite) Koksal et al. 2004
Monzonite 764+ 1.3 K-Ar (hornblende) ilbeyli et al. 2004
Bayindir (BA):
Quartz syenite 85.1+ 3.6 Rb-Sr (whole rock) Kurug 1990
Sodalite syenite 844+ 9 Rb-Sr (whole rock)
Miaskite 718+ .1 Rb-Sr (whole rock)
Foyaites and volcanites 705+ 3.4 Rb-Sr (whole rock)
Behrekdag (BD):
Leucogranite 69.1 + 1.42-71.5 = 1.45 K-Ar (biotite) Tatar et al. 2003
Quartz monzonite 68.8 + 1.43-81.2 + 3.36  K-Ar (hornblende) )
Granite 795+ 1.7 K-Ar (hornblende) Ilbeyli et al. 2004
Cefalikdag (CD):
Granite, granodiorite 71 + 1.1 Rb-Sr (whole rock, biotite) ~Ataman 1972
Quartz monzonite 66.6 = 1.2 K-Ar (biotite) Tlbeyli et al. 2004
Camsarn (CS):
Quartz syenite 741+ 7 U-PD (titanite) Koksal et al. 2004

Terlemez (TM):

Quartz monzonite 67.1 + 1.3-70.1 £ 1.5
_ Quartz monzonite 815+ 1.9
Uckapili (UK):

Granodiorite 95 =+ 11

Granodiorite 785+ 1.2

Granodiorite 749 + 1-779 = 1.2

Granite 13.7-20

Granite 92-85

Granite

K-Ar (K-feldspar)
K-Ar (amphibol)

Rb-Sr (whole rock)
K-Ar (muscovite)
K-Ar (biotite)
U-Pb (monozite)
U-Pb (zircon)
Ar-Ar (biotite)

Yaliniz et al. 1999

Gonciioglu 1986

Whitney and Dilek 1997
Whitney et al. 2003
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West and Lux 1993). Although K-feldspars coupled
with complex systematic argon can make them
ill suited for dating most deformational fabrics
(Harrison et al. 1991; West and Lux 1993), horn-
blendes display quite reliable results for deforma-
tional events (Harrison 1981).

With this study, we present the first hornblende
and K-feldspar “°Ar/3?Ar data from the granitoids
and a mylonitic shear zone developed within the
YB. The results will provide insight into the timing
of the tectonic regime that followed the posttec-
tonic magmatism event in central Turkey.

Geological Setting

The CACC is tectonically overlain by rocks of
the IAE suture zone, which is a remnant of the
northern branch of the Neo-Tethys Ocean and the
Cankir1 Basin on its northern border. The Tuzgoli
Basin is located on the western border, and the Sivas
Basin and rocks of the Tauride belt are on the east
and south/southeastern borders, respectively. The
Ulukigla Basin is located on the southern/south-
western sides of the CACC. Lithologically, the
CACC is divided into three broad groups: (1) a
metamorphic unit, (2) an ophiolitic mélange unit,
and (3) an intrusive unit. All of these units are
covered by the sedimentary and volcanic rocks of
Cenozoic basins known as the central Anatolian
basins (fig. 1b).

Metamorphic rocks in the CACC have been
described in many studies, and they appear to have
similar metamorphic and sequential character-
istics. The lower part of the metamorphites con-
tains mainly gneisses and schists, while the upper
part consists of schists, amphibolites, marbles, and
quartzites. The uppermost part is predominantly
marbles, resembling the Mesozoic carbonates of the
Anatolide-Tauride platform. Metamorphism ranges
in grade from greenschist facies to upper amphibo-
lite and granulite facies with different pressure-
temperature-time events during Paleozoic to Ter-
tiary times (e.g., Seymen 1981; Gonciioglu 1986;
Whitney et al. 2001, 2003; Whitney and Hamil-
ton 2004).

The metamorphic rocks are tectonically overlain
by ophiolitic rocks, termed the central Anatolian
ophiolites by Goncuoglu et al. (1991). The ophio-
litic rocks in the CACC are of suprasubduction
zone type, related to an ensimatic arc (e.g., Yaliniz
et al. 1996), and they represent the remnants of the
northern Neo-Tethys Ocean (Sengdr and Yilmaz
1981). They are found as either dismembered ophio-
lite bodies or fragments of various sizes in an
ophiolitic mélange that was formed in front of
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the emplaced ophiolite nappes (Gonciioglu et al.
1991). The Late Cretaceous (Middle Turonian-Early
Santonian) limestone intercalated with pillow lavas
of the ophiolitic mélange constrains the age of the
ophiolitic rocks (Yaliniz and Gonctioglu 1998).

Varied granitoid/syenitoid plutons in the CACC
intruded the metamorphic and ophiolitic units.
They form a significant portion of the CACC.
The largest of the granitoids lies along the northern
and western parts of the CACC (fig. 1b). In addition
to these granitoid bodies, smaller intrusive bodies
occur throughout the area of the CACC. Composi-
tionally, they are calc-alkaline and alkaline and
range from monzodiorite to monzonite/granodio-
rite to granite/syenite (e.g., Akiman et al. 1993;
Erler and Gonciioglu 1996; Aydin et al. 1998; Boztug
1998; Kadioglu et al. 2003; ilbeyli et al. 2004). The
age data in the granitoids and syenitoids, based on
different isotopic dating methods performed on
granitoid/syenitoid rocks in the CACC, range from
110 to 54 Ma, as listed in table 1. The available ages
are mainly from granitoids/syenitoids exposed at
the western and southern parts of the CACC, and
limited isotopic age data are available from gran-
itoids in the northern part of the CACC.

These units are covered with deposits of numer-
ous basins formed during Late Cretaceous—Tertiary
time in central Turkey (e.g., GOrur et al. 1984, 1998;
Erdogan et al. 1996; Poisson et al. 1996; Dirik et al.
1999; Gurer and Aldanmaz 2002; Clark and Robert-
son 2005), observed mainly on the margins of the
CACC. The formation and regional tectonic evalu-
ation of these basins have been discussed in several
articles, in which different evolutionary models for
each basin have been proposed. According to Giirer
and Aldanmaz (2002), all the Late Cretaceous—
Tertiary basins are of the same origin and developed
in postcollisional environments following the clo-
sure of the northern Neo-Tethys Ocean.

Yozgat Batholith and Study Area

The YB lies along the northern edge of the CACC in
central Turkey and forms the largest pluton within
the CACC (fig. 1b). It trends west-southwest/
east-northwest and includes several intrusive units.
The first extensive geological study in the YB
and the surrounding area was by Ketin (1955). Erler
and Gonctioglu (1996) subdivided the YB into
eight mappable subunits based on structural and
textural-mineralogical features and their boundary
relationships (fig. 2a); these are the Yerkoy-Sefeatli,
Yozgat, Kerkenez, Karlitepe, Gelingiillii, Sivritepe,
Ocakli, and Mugalli subunits. The batholith is char-
acterized by felsic and mafic rocks composed of
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Figure 2.

a, Index map for figure 14, showing subunits in the Yozgat batholith. GL = Gelingiillii, KT = Karlitepe,

KR = Kerkenez, MU = Mugalli, OC = Ocakly, ST = Sivritepe, YS = Yerkoy-Sefeatli, YZ = Yozgat. b, Simplified
geologic map of the study area and its surroundings. The stars show the locations of the samples. ¢, Equal-area, lower-
hemisphere projection of stretching lineations (circles) and poles of mylonitic foliation (squares) in the shear zone
exposed in the Kerkenez granitoid. d, Equal-area, lower-hemisphere projection of stretching lineations (circles) and poles
of mylonitic foliation (squares) in the shear zone measured in the mélange.

mainly monzogranite, quartz monzonite, granite,
granodiorite, tonalite, syenite, and diorite (Ketin
1955; Boztug 1995; Erdogan et al. 1996; Erler and
Gonciioglu 1996; Tatar and Boztug 1998). Geochemi-
cal data with tectonic discrimination diagrams
for rocks of the YB suggest S-type syncollisional,
I-type postcollisional, and M-type postcollisional

granitoids (e.g., Boztug 1995; Erdogan et al. 1996;
Erler and Gonctioglu 1996; Tatar and Boztug 1998).
According to Boztug (2000), the YB formed either by
tectonically overthickened orogenic crust of central
Anatolia as a product of syncollisional granitic melts
oras alkaline rocks formed by lithospheric extension
as a product of postcollisional melts.
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The study area is part of the northern YB (fig. 2a).
Metamorphic, ophiolitic mélange, and granitoid/
syenitoid rocks represent the basement of the study
area. Volcanosedimentary assemblages overlie
these basement rocks (fig. 2b). The oldest lithologic
unit in the study area is the metamorphic rocks,
which, found in small exposures consisting of
gneisses, schists, and marbles, also appear to corre-
late with metamorphites elsewhere in the CACC.
Ophiolitic mélange rocks were exposed mostly in
the southwestern part of the study area and include
radiolarian cherts, pelagic limestone, and volcanic
rocks. Granitoid/syenitoid rocks constitute plu-
tonic rocks of the study area. These rocks comprise
mainly granites, granodiorites, monzonites, and
tonalites (Erler and Gonctioglu 1996). The contacts
between the granitoid/syenitoid rocks and the
metamorphic and ophiolitic mélange rocks are
mostly either covered or disrupted by young fault
systems. However, in limited portions of the study
area, the granitoid/syenitoid rocks contain enclaves
of radiolarian cherts and pelagic limestone, indicat-
ing that they slightly predate the granitoids/
syenitoids. Other units in the study area are the
Eocene and Mio-Pliocene volcanosedimentary
rocks. These rocks unconformably overlie all the
rocks cited above. Locally, the contact between
them is tectonic. The Eocene unit can be subdi-
vided into two assemblages: (1) basal conglomerate,
sandstone, interbedded bituminous shale, and coal
seams of the lower assemblage and (2) fossil-bearing
sandy limestone, tuffaceous deposits, and lava
flows of the upper assemblage. The Mio-Pliocene
unit overlies basement rocks and the Eocene units,
comprising fluvial conglomerate, sandstone, and
lacustrine mudstone.

The Kerkenez Granitoid and Ductile Shear Zones

The Kerkenez granitoid (KRG is an intrusive body
that has been separated from other bodies by cover
units and/or faults in the YB. The northern and
southern sides of the KRG have been overlain by
Eocene and Mio-Pliocene units, respectively. The
southwestern side of this body was bordered by
rocks of ophiolitic mélange. The geological contact
of both units is commonly disrupted by young
faults and locally covered by Quaternary deposits.
Within the limited area, intrusive relations be-
tween the KRG and the ophiolitic mélange are seen,
suggesting that the KRG is posttectonic with re-
spect to the ophiolitic rocks.

The KRG, composed primarily of hornblende
quartz monzonite and hornblende granite, is cut
by numerous mafic and felsic dikes. Hornblende
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quartz monzonite and hornblende granite are light
to medium gray, medium/coarse grained, and equi-
granular to slightly porphyritic. They consist of
feldspar (K-feldspar, plagioclase), quartz, and horn-
blende. Accessory minerals include titanite, apa-
tite, zircon, allanite, and opaque minerals. These
rocks are generally unaltered. Along the fault zones,
however, hornblende is commonly chloritized, and
feldspars experience significant alteration to seri-
cite and kaolinite. Mafic and felsic dykes vary in
thickness from a few centimeters to a few meters
and trend both northeast and northwest. The black
to dark green diorites make up the mafic dikes of
the study area. They are texturally fine and/or
medium/large grained and are cut by aplitic dikes.
The diorites contain mainly hornblende, plagio-
clase, and local pyroxene, found in the core of the
hornblende grains. Minor titanite, apatite, zircon,
and opaque minerals are present. Felsic dikes
include quartz-syenite porphyry, pegmatite, and
aplite with granitic composition. Quartz-syenite
porphyry contains a distinct flow structure accen-
tuated by the alignment of pink K-feldspar crystals.
It shows a profound northeast-southwest-trending
mineral lineation defined by the aligned K-feldspar
and plagioclase, indicating close relation to the
magma intrusion and tectonics. A coarse-grained
pegmatite, exposed in limited outcrops, is com-
posed of feldspars and quartz with minor biotite.
The aplite dikes are fine grained and resistant,
consisting of quartz and feldspar with rare horn-
blende and biotite. Interestingly, within the KRG,
numerous and variably thick northeast-southwest-
trending tourmaline-breccia veins were formed
with B-rich fluids of the magma. They range in
thickness from 50 cm to 8 m and are mostly north-
east trending. In the field, they display variable
internal structural features, such as massive, stro-
matic, and breccia structures.

The study area contains local northeast-trending
and northwest-dipping ductile shear zones charac-
terized by discrete mylonitic shear zones. The
zones are wide, from a few centimeters to several
meters thick, and extend several hundred meters
laterally. They are developed mostly within the
KRG and can be traced discontinuously in the
ophiolitic mélange exposed in the southwest of
the study area (fig. 2a). They are commonly trun-
cated by young faults. The zones in the KRG seem
to have formed within hornblende quartz monzon-
ite and are not seen cutting the dikes of the KRG.
There is no sharp contact between the ductile shear
zones and their protolith rocks of the KRG; instead,
hornblende quartz monzonite grades to rocks of the
shear zones. It is obvious that there are distinct
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Figure 3. Photomicrographs from standard covered thin sections showing microstructural features of deformed grains
in the extensional mylonitic shear zone (polarized light). Scale bar = 200 pm. a, Recrystallized feldspar and hornblende
fragments. Relict feldspar is surrounded by recrystallized feldspar, indicating core-mantle structure. Note that relict
feldspar porphyroclasts have irregular boundaries. Recrystallized feldspars show preferred orientations. b, Hornblende
porphyroclast and recrystallized hornblende grains form mylonitic foliation. ¢, Microphotograph showing asymmetric
hornblende and titanite porphyroclast indicating top-to-the-northwest shear sense. d, Photomicrograph showing
detailed view of the relationship between C and C' surfaces, suggesting top-to-the-northwest shear sense. rF =
recrystallized feldspar; H = hornblende; F = feldspar; rH = recrystallized hornblende; T = titanite porphyroclast.

textural differences between rocks of the KRG and
rocks of the shear zones. Ductile shear zones are
characterized by mylonitic rocks with foliations
and lineations. Mylonitic foliation, which is defined
by fine-grained grains and elongate plagioclase and
hornblende porphyroclasts, tends to strike mainly
to the northeast. The foliation dips to the northwest
at 08°-25° (fig. 2¢, 2d). Intense mylonitic foliation is
variable within the zones. More intense mylonitic
foliation could be seen through the middle of the
zones, indicating increasing amounts of strain. The
mylonitic foliation contains variable down-dip
stretching lineations, defined by elongated clasts
of feldspar, quartz, and hornblende plus elongated

mineral aggregates. Stretching lineations plunge
gently to the northwest, with an average orienta-
tion of 12°-334° NW exposed in the KRG and 20°-
314° NW exposed in the mélange rocks (fig. 2¢, 2d).

In thin sections, the shear zone is commonly
protomylonitic and mylonitic in character. The
mylonites consist of porphyroclasts (feldspar, horn-
blende) of various sizes and a fine-grained matrix
(fig. 3). The bulk of the matrix contains recrystal-
lized quartz, feldspar, hornblende, and grain-sized
feldspar and hornblende reduced by fracturing. My-
lonitic foliation is defined by recrystallized quartz
ribbons, elongated fine-grained tails composed of
recrystallized feldspars and hornblende, and elon-



Journal of Geology

gated porphyroclasts of feldspar, hornblende, and
titanite. Feldspar grains in the mylonites include
undulose extinction, bending, subgrain formation,
recrystallization, and fracturing, suggesting that the
operative deformation mechanism is dislocation
creep (cf. Tullis and Yund 1985, 1991; fig. 3a, 3b).
Some feldspar porphyroclasts are surrounded by
fine recrystallized grains, indicating core-and-
mantle structure. Some feldspar porphyroclasts
are cut by recrystallized feldspar and quartz-filled
extension fractures, resulting in elongated feldspar
grains along mylonitic foliation. Hornblende grains
also display both brittle and ductile features. In
samples, some hornblende porphyroclasts are dis-
seminated, and fragments are strung out along
mylonitic foliation (fig. 3a). The most common
microstructure observed in hornblende is undulose
extinction. A few hornblende porphyroclasts are
cut by feldspar-filled extension fractures. Recrystal-
lized hornblende grains form a banded structure
representing mylonitic foliation (fig. 3b). Rarely,
recrystallized hornblendes wrap around feldspar
porphyroclasts. In samples, quartz microstructures
included recrystallized grains. They form ribbons
characterized by recrystallized grains with a strong
grain-shape orientation. All of the above micro-
structural features of quartz, feldspar, and horn-
blende indicate that the shear zone in the KRG
formed at temperatures of about 400°-500°C (cf.
Simpson 1985; Passchier and Trouw 1996). This
suggests that the mylonites in the study area
formed under greenschist and lower amphibolite
facies conditions.

Asymmetric porphyroclasts and composite shear
bands are useful shear sense indicators in the shear
zone within the KRG (cf. Passchier and Simpson
1986; Passchier and Trouw 1996; Snoke et al. 1998;
Isik et al. 2003; fig. 3¢, 3d). Porphyroclasts are
composed of predominantly feldspar, hornblende,
and lesser amounts of titanite and opaque minerals.
They often have narrow mantles, variably sized
elongated tails, and dynamically recrystallized feld-
spar, hornblende, and quartz, suggesting a sense of
shear where the upper levels moved up to the
northwest (fig. 3c).

Composite structures are characterized by S, C,
and C’ surfaces and their angular relations in the
shear zone. The S surfaces are defined by aligned
feldspar grains, while the C surfaces (main mylo-
nitic foliation) are defined by recrystallized quartz,
feldspar, and hornblende and reoriented feldspar
and hornblende. The C’ surfaces cut across the C
surface and are defined by fine-grained feldspar,
hornblende, and retort-shaped hornblende and feld-
spar grains plus porphyroclast tails that merge into
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the C surface (fig. 3d). As with asymmetric porphyr-
oclasts, the angular relationships of the composite
shear bands suggest a top-to-the-northwest shear
sense.

As mentioned above, ductile shear zones within
the KRG are characterized by a mylonitic foliation,
accompanying down-dip stretching lineations and
asymmetric kinematic indicators. A similar but
weak foliation and lineation pattern is also found
in shear zones exposed in the ophiolitic mélange.
Within the shear zones, foliation strikes mainly
northeast and is shallowly dipping. The stretching
lineation plunges gently northwest. Equal-area pro-
jections do not disperse, suggesting that these lin-
eations developed under the same tectonic regime.
The sense of displacement of these zones has been
determined from orientations of stretching linea-
tions and kinematic indicators. Kinematic indica-
tors in these zones display northwest-southeast-
trending displacements. The character of these
zones is questionable; they are either normal or
folded reverse zones. In fact, it is difficult to show
clear evidence about the character of these zones
because they were developed mainly in the KRG
and have limited exposures in the ophiolitic unit. In
addition, the contact between the KRG and the
ophiolitic unit was mainly obscured by young
faults. The following findings and interpretations
give clues to the extensional character of these
zones. (1) The zones include kinematic indicators
showing that the northwest blocks are downthrown
relative to the southeast blocks. (2) These ductile
shear zones have mylonitic foliations that are
northwest dipping. In the case of reverse or folded
reverse, some zones with opposite dip direc-
tions should be present. (3) Numerous northeast-
southwest-trending tourmaline veins within the
KRG suggest that the KRG underwent significant
northwest-southeast-trending extension. The age of
the tourmaline veins is pre-Eocene because pebbles
of tourmaline are found in the Eocene units. (4) Our
field observations in the region reveal some thrust
faults that displace the granitoid onto the Eocene
and/or Mio-Pliocene units with a top-to-the-south
sense of shear. These faults have been interpreted as
structures younger than the ductile shear zones
because they overprint the ductile shear zones
and show an opposite shear sense.

On the basis of field observations and micro-
scopic studies, combined with regional geological
information, we interpreted the ductile shear zones
described above as developed by extensional tecton-
ism. Similarly, an extensional ductile shear zone,
called the Emizoziu shear zone, has been docu-
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mented in the Agacoren granitoid within the
western part of the CACC (Isik 2008).

4 Ar/¥Ar Geochronology

Sample Selection and Descriptions. Samples were
collected in the KRG of the YB for “°Ar/3°Ar dating
at locations indicated in figure 2b. Two samples
(03V-34 and 03V-56) were chosen from granitoid
that shows no signs of ductile or brittle deforma-
tion. Two mylonitized samples (03V-47 and 03V-51)
from the ductile shear zone were chosen at loca-
tions where the granitoid displays mylonitic foli-
ation and stretching lineations.

Sample 03V-34 is hornblende granite, and it
was located in the western part of the KRG. It is
light gray in color and equigranular in texture.
Plagioclase occurs as subhedral minerals and com-
monly displays twinning. K-feldspar is subhedral
and encloses plagioclase and hornblende minerals.
Some K-feldspar is slightly altered to clay minerals.
Quartz minerals are anhedral. Hornblende occurs
as euhedral crystals but is mostly subhedral.

Samples 03V-47 and 03V-51 were obtained from
ductilely deformed quartz monzonite within the
shear zone. Sample 03V-51 was collected only a
few tens of meters from sample 03V-47. Both sam-
ples have a similar structure and display mylonitic
textures in hand-specimen and thin-section forms.
The samples have typical ductile structures, such as
mylonitic foliation and stretching lineations. The
mylonitic structure is defined by elongated feld-
spars, hornblendes, and quartz minerals; individual
minerals have preferred orientations and display
brittle and/or ductile deformational structures.

The sample 03V-56 is hornblende quartz mon-
zonite that is the protolith of the mylonitic rocks
(samples 03V-47 and 03V-51). The sample is gray,
medium grained, and equigranular but slightly
porphyritic. Plagioclase occurs as subhedral min-
erals. K-feldspar is subhedral and contains fine-
grained plagioclase and hornblende minerals as
inclusions. Intergrowths of quartz and feldspar
grains (myrmekitic and micrographic textures)
are observed along the contact of the plagioclase
and K-feldspar minerals. Hornblende is medium
grained and subhedral. Quartz forms 10% of the
rock composition.

Method. The samples were wrapped in alumi-
num foil packets; stacked in an aluminum canister
with three aliquots (~6 mg) of the irradiation stan-
dard LP-6 biotite (Odin et al. 1982), with a calibrated
40Ar /39 Ar age of 128.4 + 0.2 Ma based on Fish Can-
yon sanidine (28.02 +0.28 Ma; Baksi et al. 1996;
Renne et al. 1998); and irradiated in the VT-C

position of the Tsing Hua open-pool reactor for
30 h. The | values were calculated from the gas
compositions of total fusions of the irradiation
standards by using a double-vacuum Mo furnace.
The neutron flux gradient across the top and bot-
tom of the irradiation canisters was less than 0.9%,
as indicated by the variation of ] values from the
flux monitors.

After irradiation, the samples were loaded into
an Al sample holder and heated with a NdYAG laser
operated in continuous mode. Step heating was
achieved with increasing energy of the laser power.
The released gas was purified with two Zr-Al get-
ters and analyzed with a VG3600 mass spectrom-
eter at National Taiwan University. Measured
isotopic ratios were corrected for the effects of mass
discrimination, system blanks, radioactive decays,
and isotope interferences produced during irradia-
tion by employing factors reported by Lo et al.
(2002) for the reactor used in this study.

Apparent “°Ar/3Ar ages were calculated from
the corrected isotopic ratios by using the decay
constants and isotopic abundance ratios given by
Steiger and Jager (1977). The 1 SD intralaboratory
uncertainties in each apparent age are reported.
The analytical data are presented in table Al (avail-
able in the online edition or from the Journal of
Geology office) and are plotted as age spectra and
36Ar/40Ar-39 Ar/40Ar isotope correlation diagrams
in figures 4 and 5 for each sample. Table 2 summa-
rizes the results. Total gas ages were computed from
the sum total of the peak heights, and their errors
were calculated from the square root of the sum
square of the peak-height errors for all steps. Pla-
teau ages were calculated with the same approach
but using only those contiguous steps yielding dates
that met the criteria discussed by Baksi (2006). In
the 3¢Ar/*0Ar-3°Ar/40Ar correlation diagrams, the
cubic least squares fitting scheme outlined by York
(1969) was employed to regress the data. The re-
gression line yielded two intercepts; the inverse of
the 3°Ar/*0Ar intercept produced a so-called inter-
cepted date, whereas the inverse of the 3¢Ar/4°Ar
intercept indicated the composition of a nonradio-
genic argon component.

Results. As shown in figures 4 and 5, most of
the samples show fairly flat profiles for the age
spectra, with some disturbances in the low- and
high-temperature steps in some of the samples
(03V-34 hornblende and K-feldspar, 03V-56 horn-
blende, and 03V-47 K-feldspar). Without further
clarification, these disturbances may have been
due to the outgassing of minor impurities (altera-
tion phases) in mineral grains, which are apparent
under the microscope. Certainly, argon diffusion
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loss from mineral grains during thermal distur-
bance may also be responsible for the age depression
in the low-temperature steps on the age spectrum.
Excluding these disturbed steps, age spectrum plots
for most samples evidently suggest meaning-
ful plateaus over 50% of 3°Ary released for most
samples (tables 2, Al) with meaningful mean
square weighted deviate (MSWD) and P (probabil-
ity) values (>0.05), except for 03V-34 hornblende
and K-feldspar. Data regression for gas composi-
tions from the plateau steps yields “°Ar/3? Ar initial
values (285-308) not much different from that for
atmospheric composition (295.5), with statistically
meaningful MSWD values (0.85-1.62). The inter-
cept ages (71.0 +0.7-82.1 + 0.7 Ma) are all in agree-
ment with their respective plateau ages (71.6+
0.3-82.4 + 0.3 Ma; figs. 4, 5). These suggest that
the argon isotopic systematics in most samples
consist of mainly radiogenic and atmospheric com-
ponents and that excess argon is not apparent. The
obtained plateau ages for most samples, except 03V-
34 hornblende and K-feldspar, should be geologi-
cally meaningful.

The age spectra for 03V-34 hornblende and K-
feldspar appear to be very flat at high-temperature
steps (fig. 4), but they fail to meet the plateau
criteria proposed by Baksi (2006) because their
compositions constitute only 46.3% and 42.5%,
respectively, of the total 3°Ar released. The gas
compositions of these microplateaus display con-
sistent ages that agree well with each other within
the 95% confidence level, and they lead to reason-
able MSWD and P values (>0.5), yielding plateau
ages of 72.6+0.2 Ma for 03V-34 hornblende and
71.6 £ 0.2 Ma for 03V-34 K-feldspar (fig. 4). More-
over, the isotope correlation plots for these gas
compositions also yield reasonable “°Ar/3° Ar initial
values (271 + 25 and 295.8 + 3.0) and intercept ages
(74.0 £2.8 and 71.5 + 0.7 Ma) consistent with their
respective plateau ages (fig. 4; table 2). This would
suggest that these microplateau ages for 03V-34
hornblende and K-feldspar may still be geologi-
cally meaningful even though disturbances of the
isotopic systematics are apparent in these two
samples.

Discussion

During Late Cretaceous time, the CACC experi-
enced significant compression, as did many regions
within the Alpine orogeny (e.g.,, Channell 1986;
Dewey et al. 1989; Stampfli et al. 1998; Jolivet
and Faccenna 2000; Rosenbaum et al. 2002). The
northern CACC was the site of compressional de-
formation during this time. This deformation was

characterized by the collision of the Anatolide-
Tauride platform into the Pontides, obduction of
ophiolite slabs, regional metamorphism, and sig-
nificant amount of magma generation. Tectonic
burial of pre-Cenozoic rocks to depths in the region
was followed by emplacement of granitoids, uplift,
and cooling. The intrusion of the KRG postdates
early penetrative regional metamorphism and
ophiolite obduction.

Cooling of the KRG. Considering the high clo-
sure temperatures (~500°C for hornblende and
~350°C for K-feldspar), hornblende and K-feldspar
40Ar/3Ar ages would provide an estimate of not
only cooling age but also cooling rate when the
closure temperatures are taken into consideration
(McDougall and Harrison 1988). As in figure 4, K-
feldspar “°Ar/3? Ar plateau ages are very close to
coexisting hornblende plateau ages in both 03V-56
hornblende quartz monzonite and 03V-34 horn-
blende granite. This would suggest that both horn-
blende quartz monzonite and hornblende granite in
the KRG may have cooled rapidly, probably at a rate
greater than 110°C/Ma, after emplacement. Con-
sidering such a rapid cooling rate, it may be further
suggested that hornblende quartz monzonite may
have been emplaced at around 81.2 =+ 0.5 Ma, which
appears to be slightly older than hornblende granite
in the KRG, as indicated by the microplateau age for
03V-34 hornblende (72.6+0.2 Ma; fig. 4). In the
field, there is no outcrop evidence indicating the
spatial relationship between the pattern of horn-
blende quartz monzonite and that of hornblende
granite. However, the time constraints suggest that
the emplacement and cooling of hornblende quartz
monzonite took place slightly later than those for of
hornblende granite. Additionally, on the basis of
intrusive relations and “°Ar/3°Ar ages, an upper age
limit (~81 Ma) of the regional metamorphism in the
metamorphites in the northern part of the CACC
could be constrained. This interpretation can also
be correlated to the isotopic age of metamorphic
rocks (~84 Ma) in the southern part of the CACC
reported by Whitney and Hamilton (2004).

Cooling of Ductile Shear Zone in the KRG. The
KRG contains anastomosing mylonitic shear zones
that display top-to-the-northwest shear senses. De-
formed minerals, such as feldspar, display dynamic
recrystallization, which indicates that formation of
the ductile deformation in the zone occurred at a
temperature of about 500°C. The timings of the
ductile shear zone and related deformation in the
KRG are clearly constrained with this study be-
cause deformation occurred at temperatures well
above the temperature of argon retention, repre-
senting the cooling ages. Hornblende from samples
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03V-47 and 03V-51 yields plateau ages of 71.6 + 0.3
and 71.7 £ 0.2 Ma, respectively (fig. 5). These are
interpreted to closely date cooling through temper-
atures required for retention of argon in hornblende
(500°C; Harrison 1981). K-feldspar from sample
03V-47 yields a plateau age of 71.1 +0.2 Ma, but
an age of 81.3+0.2 Ma was obtained from K-
feldspar from sample 03V-51 (fig. 5). It is clear that
the deformed K-feldspar from sample 03V-47 re-
cords a younger age, consistent with the age of
hornblende. We therefore adopt 71.6+0.3 and
71.7+0.2 Ma as the cooling ages of hornblende
and K-feldspar, respectively, in the ductile shear
zone. On the other hand, an age of 81.3+0.2 Ma
of the deformed K-feldspar does not seem to reflect
the age of ductile deformation affecting the KRG
(fig. 5). It is interesting to note that this age of K-
feldspar appears to be consistent with that of K-
feldspar from sample 03V-56, collected from the
undeformed hornblende quartz monzonite that is
the protolith of samples 03V-47 and 03V-51 (fig. 4).
It is possible that the K-feldspar age of 81.3 + 0.2 Ma
may be inherited from the undeformed hornblende
quartz monzonite.

We infer from field study and isotopic data in the
study area that intrusive activity and ductile defor-
mation in the KRG appear to have occurred in four
steps. First, the intrusive activity defined by horn-
blende quartz monzonite occurred at 81 Ma. The
second intrusive activity seems to be defined by
hornblende granite. It yields an age of approxi-
mately 73 Ma, which suggests that there was a
small time gap between two intrusive activities
in the region. The outcrop patterns show that duc-
tile deformation turned hornblende quartz mon-
zonite into mylonites along the shear zones. The
40Ar/3Ar age data indicate that the age of the
ductile shear zones in the region is between 72
and 71 Ma, suggesting that the shear zones began
to form soon after the emplacement and cooling of
hornblende granite. The other igneous activity in
the region is represented by intrusion of mafic and
felsic rocks.

Tectonic Implications. Erosion and tectonic de-
nudation rates in central Turkey have not been well
documented by previous authors. However, the
new data, even if limited, shed light on the timing
of metamorphism, granitoid intrusion, and ductile
shearing of the granitoid related to the tectonic
denudation in the northern part of the CACC.
Regionally, the granitoids cut the metamorphites,
which are widely exposed in central Turkey. The
age of their peak metamorphism is about 85 Ma
(Whitney and Hamilton 2004), which provides a
lower age constraint for granitic magmatism.
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In the northern part of the CACC, the KRG
ranges in composition from quartz monzonite to
syenite. The notable structures in the KRG are
anastomosing discrete mylonite zones with top-
to-the-northwest shear senses. The KRG and these
shear zones are temporally linked. The microstruc-
tural features of deformed minerals in the shear
zones suggest that the mylonites were formed at
a relatively high temperature. Furthermore, some
kinematic features of these zones suggest exten-
sional deformation; extensional faulting and the
generation of normal-sense brittle shear fractures
plus tourmaline veins in the region also support
this conclusion. On the basis of field observa-
tions, microstructural studies, and the available
40Ar/39Ar age data, we interpret the tectonic evo-
lution of the KRG as follows.

During the Late Cretaceous, after the region was
buried and metamorphosed in response to the
closure of the IAE Ocean, the KRG intruded. At
first, hornblende quartz monzonite was emplaced
into relatively cooler host rock, such as the meta-
morphites and the ophiolitic unit. The cooling time
of hornblende quartz monzonite is ~81 Ma. Shortly
after, hornblende granite was emplaced and began
to cool. The cooling of hornblende granite is con-
strained to between 72 and 73 Ma. This implies that
hornblende quartz monzonite existed at relatively
the same level of crust until about 72 Ma. After this
time, the character of the deformation probably
changed and the KRG was transported by the shear
zones to a shallower crustal level. The 4°Ar/3 Ar of
hornblendes from these zones indicates that the
closure temperature for argon in the zone is about
71 Ma. This cooling event is interpreted to be
associated with the beginning of extension in the
region. Furthermore, these data imply that the
metamorphism, emplacement, and cooling of the
intrusives and ductile shearing of the intrusions
were coeval and occurred in Late Cretaceous time.

Conclusions

The following main conclusions can be drawn from
field, microscopic, and geochronologic studies of
the northern part of the CACC.

1. The “°Ar/**Ar hornblende ages from horn-
blende quartz monzonite and hornblende granite
indicate that the KRG began to be emplaced before
~81 Ma and cooled below the temperature of 500°C
mainly between 81 and 72 Ma. The “Ar/3°Ar K-
feldspar ages that are interpreted as the cooling ages
of these rocks are slightly younger than the horn-
blende ages, implying relatively rapid exhumation.
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2. The KRG contains discrete mylonitic ex-
tensional shear zones with kinematic indicators
(e.g., asymmetric porphyroclasts and composite
shear bands) displaying top-to-the-northwest shear
senses. Microstructural features of deformed grains
in the shear zone indicate greenschist and lower
amphibolite facies-grade metamorphic conditions.
The “Ar/*Ar hornblende ages from mylonitic
hornblende quartz monzonite from this zone indi-
cate cooling through 500°C at 71 Ma. This isotopic
age implies the timing of the onset of the extension

regime in the region consistent with basin deposits
of Late Maastrichtian age.
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