Tectonophysics 671 (2016) 218-234

Contents lists available at ScienceDirect

TECTONOPHYSICS

Tectonophysics

journal homepage: www.elsevier.com/locate/tecto

Pre-collisional accretionary growth of the southern Laurasian active
margin, Central Pontides, Turkey

@ CrossMark

Mesut Aygiil *>* Aral I. Okay ?, Roland Oberhinsli ®, Masafumi Sudo ®

2 [stanbul Technical University, Eurasia Institute of Earth Sciences, 34469, Maslak, Istanbul, Turkey
b University of Potsdam, Institute of Earth and Environmental Science, Karl-Liebknecht-Str. 24-25, 14476 Potsdam-Golm, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 16 February 2015

Received in revised form 3 October 2015
Accepted 4 January 2016

Available online 27 January 2016

Cretaceous subduction-accretionary complexes crop out over wide areas in the central part of the Pontides,
northern Turkey. To the north, the wedge consists of a low-grade metaflysch sequence with blocks of marble,
Na-amphibole-bearing metabasite (PT = 7-12 kbar; 400 + 70 °C) and serpentinite. “°Ar/*°Ar phengite ages
from the phyllites of the metaflysch are ca. 100 Ma. The metaflysch sequence is underlain by oceanic crust-
derived HP/LT metabasites and micaschists along a major detachment fault. The metabasites are epidote-blueschists
consisting of glaucophane, epidote, titanite, and phengite locally with garnet. Fresh lawsonite-blueschists are ex-
posed as blocks along the detachment fault. Peak metamorphic conditions of a garnet-blueschist are constrained
to 17 + 1 kbar and 500 = 40 °C and of a lawsonite-blueschist to 14 + 2 kbar and 370-440 °C. “°Ar/*Ar phengite
dating on the micaschists constrains the HP/LT metamorphism as 101-92 Ma, younging southward. Middle Juras-
sic (ca. 160 Ma) accretionary complexes consisting of blueschist to lower greenschist facies metabasites, marble
and volcanogenic metasediment intercalations are exposed at the southern part of the Cretaceous wedge. In
the studied area, the North Anatolian Fault forms the contact between Cretaceous and Middle Jurassic HP/LT
metamorphic rocks. Wide distribution of Cretaceous subduction-accretionary complexes implies accretionary
tectonic continental growth along the Laurasian active margin. High amount of clastic sediment flux into the
trench has a major effect on enlarging the wedge during the Albian. Tectonic thickening of the oceanic HP/LT
metamorphic sequence, however, was possibly achieved by propagation of the décollement along the retreating
slab which can create the space necessary for progressive deep level basal underplating and extension of the
wedge for subsequent syn-subduction exhumation.
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1. Introduction

Accretionary, Pacific- or Turkic-type orogenies have been used to
emphasize the importance of pre-collisional history of subduction and
accretion processes in creating new continental crust (Cawood et al.,
2009; Dickinson, 2008; Maruyama, 1997; Sengoér and Natal'in, 1996;
Sengor et al., 1993). This includes addition of juvenile material to the
crust in the magmatic arcs and tectonic growth of the associated accre-
tionary prism towards subduction. Additionally, oceanic crustal edifices
like seamounts, oceanic plateaus and intra oceanic arcs are favored to
accrete rather than recycled into the mantle due to their relatively
high buoyancy (Cloos, 1993). An accretionary prism is recognized by
tectonically thickened subduction-accretionary complexes composed
of trench turbidites, high pressure/low temperature (HP/LT) metamor-
phic rocks, ophiolitic fragments and mélanges. Two modes of accretion
are proposed: i) frontal accretion through scraping off mainly trench-fill
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turbidites and oceanic pelagic sediments as wedge shaped packages
(e.g. Karig and Sharman, 1975; Moore et al., 1982; Seely et al., 1974;
Ujiee, 1997) and ii) underplating as duplexes beneath the offscraped
part of the prism (e.g. Kimura et al., 1996; Moore et al., 1991; Sample
and Fisher, 1986; Platt et al., 1985). A significant portion of accretion oc-
curs at deeper parts of the accretionary wedge evidenced by eclogite
and blueschist facies metamorphic rocks of the exhumed subduction-
accretionary complexes (e.g. Agard et al., 2001; Barr et al., 1999; Okay
et al., 20063, 2002; Takasu et al., 1994; Tsujimori et al., 2006a). Tectonic
thickening of these deep-seated HP/LT metamorphic rocks, however,
remains ambiguous due to the necessary space problem for basal accre-
tion along the plate interface.

Accretionary orogenies have been defined in many regions including
the Altaids (Sengor and Natal'in, 1996; Sengor et al,, 1993), the Circum-
Pacific realm (e.g. Dickinson, 2008; Fuis et al., 2008; Isozaki, 1996;
Maruyama, 1997), and the Lachlan orogeny of eastern Australia
(Foster and Gray, 2000; Spaggiari et al., 2002). In contrast, in the
Alpine-Himalayan orogenic belt, accretionary complexes or mélanges
associated with closure of the former Tethys Ocean are generally
interpreted in terms of sutures separating the continental blocks or
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terranes (Sengdr and Natal'in, 1996). In the Anatolian scale, Seng6r and
Yilmaz (1981) interpreted Eastern Anatolia as a large accretionary com-
plex based on scarce occurrences of Late Cretaceous ophiolitic mélanges
and flysch.

In this study, we describe a new accretionary-type orogenic area in
the central part of the Pontides, northern Turkey; a mountain chain
within the Alpine-Himalayan orogenic belt. In the Central Pontides,
Middle Jurassic and Cretaceous subduction-accretionary complexes
called the Central Pontide Supercomplex (CPS) extend over large
areas (Okay et al., 2013). In the CPS, Cretaceous accretionary complexes
consist of HP/LT metamorphic units of continental and oceanic origin as
well as mélanges representing the Laurasian active continental margin.
The continental accretionary rocks are represented by distal turbidites
of low metamorphic grade exposed to the north. They are underlain
by oceanic crust derived deep-seated HP/LT metamorphic rocks along
a detachment fault. Middle Jurassic subduction-accretionary complexes
are exposed within the Cretaceous accretionary wedge as tectonic slices.
Here, we present new petrologic, geochronological and structural data
and a new geological map along a north-south section in order to un-
ravel the tectonic evolution of the Mesozoic accretionary complexes in
the Central Pontides. A second aim of the paper is to discuss the mech-
anism of the tectonic thickening of the deep-seated HP/LT metamorphic
sequences.

2. Geological setting

The Pontides are the mountain chain between the Black Sea and the
[zmir-Ankara-Erzincan suture (Fig. 1). Before the Late Cretaceous
opening of the Black Sea as a back-arc basin (e.g. Okay et al., 2013,
1994), the Pontides constituted part of the continental margin of Laurasia.
The Pontides are divided into three tectonic units: the Strandja Massif,
the Istanbul and Sakarya zones (Okay, 1989; Fig. 1). Contact relations
between these tectonic units are still controversial. However, the most
prominent structure is the east-west striking Intra-Pontide suture,

24° 28° 32°

separating the Istanbul Zone from the Sakarya Zone (Akbayram et al.,
2013; Gonciioglu et al., 2014; Okay and Tiiysiiz, 1999; Robertson and
Ustadmer, 2004).

In the Central Pontides (Fig. 2), the Istanbul Zone is represented by a
Neo-Proterozoic crystalline basement consisting of tonalitic and granitic
metagranitoids with 590-560 Ma zircon crystallization ages (Chen
et al.,, 2002), similar to other upper Neoproterozoic granitoids from
the basement of the Istanbul Zone (Ustaémer and Rogers, 1999;
Ustadmer et al., 2005; Yigitbas et al., 2004). The basement rocks are
stratigraphically overlain by Early Ordovician to Devonian sedimentary
rocks of the Istanbul Paleozoic sequence (Boztug, 1992; Dean et al.,
2000). Okay et al. (1994) suggest that Istanbul Zone was rifted from
the Moesian Platform to the north during opening of the Black Sea.

The Sakarya Zone forms a ribbon along northern Turkey, consisting
of slivers of Devonian granitoids (Aysal et al., 2012; Okay et al., 1996;
Sunal, 2012), Permo-Carboniferous high-grade metamorphic and related
intrusive rocks (Okay et al., 2006b, 1996; Topuz et al., 2007, 2004), and
Late Triassic subduction-accretionary complexes with eclogite and
blueschist slices (Okay, 2000; Okay and Okay and Monié, 1997; Okay
et al., 2002; Pickett and Robertson, 2004; Robertson and Ustadmer,
2012; Topuz et al., 2014). Recently, Middle Jurassic subduction-
accretionary complexes were also reported in the Eastern Pontides sug-
gesting an episodic accretionary construction of the Pontides (Topuz
et al,, 2012). In the Central Pontides, the Sakarya Zone consists of
Permo-Carboniferous granitic rocks (Nzegge et al., 2006; Okay et al.,
2015) and Upper Triassic turbidites with dismembered ophiolitic
rocks, known as the Kiire Complex, (Okay et al., 2015; Ustadmer and
Robertson, 1997, 1994, 1993). The Kiire Complex is intruded by Middle
Jurassic granitoids representing part of a major magmatic arc (Okay
et al., 2014; Yilmaz and Boztug, 1986). The granitoids are associated
with Middle Jurassic low pressure and high temperature metamorphic
rocks constituting deeper levels of the magmatic arc (Okay et al., 2014).

Upper Jurassic limestones and Lower Cretaceous turbidites uncon-
formably cover the rocks of istanbul and Sakarya zones (Hippolyte
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Fig. 1. Tectonic map of Turkey and surrounding regions. Modified from Okay and Tiiysiiz (1999). East-West trending izmir-Ankara-Erzincan suture separates tectonic units with Mesozoic

Laurasian (purple) and with Gondwanan (green) affinities.



220

KASTAMONU
0 .
0 2 L
A 5 Fig.

ARAGC® 161.Ma

M. Aygiil et al. / Tectonophysics 671 (2016) 218-234

TR ~d

Central Pontide Supercomplex (CPS)

Maastrichtian and younger deposits
Upper Cretaceous volcanics and
volcanoclastics of the Pontide Arc

Upper Cretaceous alkaline volcanic rocks
and turbidites

Lower Cretaceous flysch
% Upper Jurassic-Lower Cretaceous limestones

Istanbul Zone

Neoproterozoic basement and
Paleozoic-Triassic sedimentary rocks

Sakarya Zone

Cangaldag Complex-Middle Jurassic
arc-related metavolcanic rocks
Middle Jurassic granitoids and related
LP/HT metamorphic rocks

Kure Complex-Triassic turbidites with
ophiolitic rocks

Permo-Carboniferous granitic and
metamorphic rocks

_ Pre-Late Jurassic boundary between
* istanbul and Sakarya zones

- Serpentinite with Albian eclogites

Késdag paleo-arc

= North Anatolian Fault

Lower Cretaceous metaflysch with Albian
metamorphic overprint

Domuzdag Complex-Albian-Turonian eclogite
to blueschist facies metabasite & micaschist

Domuzdag Complex-Albian greenschist facies
metabasite & micaschist

Kirazbasi Complex- Forearc basin units and
melanges

Middle Jurassic subduction-
accretionary complexes

Kdsdag Paleo-Arc, Late Cretaceous bimodal
metavolcanic rocks overlain by metacarbonates

Basalt, basaltic andesite,
pyroclastic rocks with pelagic limestone

Ophiolitic Melange (izmir-Ankara-Erzincan
Suture)

0 20 40 km
[ —]

O “Ar/°Ar phengite ages

Fig. 2. Geological map of the Central Pontides. Base map is from Uguz et al. (2002). Central Pontide Supercomplex is modified from Okay et al. (2014, 2013), Tiiysiiz (1990) and this study.

etal, 2010; Okay et al,, 2013; Tiiysiiz, 1999), indicating that these tec-
tonic zones were juxtaposed before the Late Jurassic. The Lower
Cretaceous turbidites represent a large submarine fan and detrital zir-
cons indicate a major source area in the East European Craton and
Scythian Platform north of the Black Sea, showing that the opening of
the Black Sea basin took place after Early Cretaceous time (Okay et al.,
2013). This is also documented by Turonian-Campanian volcano-
sedimentary successions interlayered with deep marine sedimentary
rocks representing the opening of the Black Sea as a back-/intra-arc
basin (Tiiysiiz et al., 2015, 2012).

South of the Lower Cretaceous turbidites, metamorphic rocks of most-
ly HP/LT in origin crop out over a large area. The HP/LT metamorphic
rocks are generally assumed to be of Triassic age and placed in a key
role in Paleo- and Neo-Tethyan reconstructions of Turkey (e.g. Tiiystiz,
1990; Ustadmer and Robertson, 1999, 1994; Yilmaz and Sengor, 1985;

Yilmaz et al., 1997). However, new geological and radiometric age data
have shown that this area consists of Middle Jurassic and Early Cretaceous
subduction-accretionary complexes, which are collectively named the
Central Pontide Supercomplex (CPS, Fig. 2; Marroni et al., 2014; Okay
et al., 2013, 2006a). Within the CPS, Cretaceous HP/LT metamorphic
rocks comprise an accretionary wedge consisting both of continental
and oceanic crustal rocks. The continental accretionary rocks consist
of a low-grade metaflysch sequence. Clastic zircon data from the
metaclastic rocks exposed north of Arag¢ town suggest that they repre-
sent metamorphosed equivalents of the Lower Cretaceous turbidites
(Fig. 2; Okay et al, 2013). “°Ar/*°Ar dating on phengites from this Martin
Complex constrains the low-grade metamorphism as 112-106 Ma.
Albian eclogites and a large ultramafic body are exposed at the northern
part of the CPS, known as the Domuzdag Complex (Fig. 2; Altherr et al.,
2004; Okay et al., 2006a). The CPS is structurally underlain by a low-
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grade metavolcanic unit, known as Késdag Formation exposed along
the IAES as a tectonic slice (Rice et al., 2006; Tiiysiiz, 1990). It represents
a Late Cretaceous (94 + 2 Ma) juvenile intra-oceanic arc possibly asso-
ciated with regional supra-subduction ophiolite obduction (Aygiil et al.,
2015a). “°Ar/3°Ar dating on metamorphic muscovite constrains the re-
gional metamorphism of the arc sequence to 70 Ma.

During this study we mapped a north-south transect across the CPS
with the aim of characterizing continental and oceanic sequences and
their contacts, determining age and grade of HP/LT metamorphism.
Three major metamorphic units are distinguished (Figs. 3, 4): 1. In
the northwest, a thick metasedimentary sequence, the Esenler Unit,
shows incipient blueschist facies metamorphism. 2. The Esenler Unit is
underlain by a tectonically thickened metamorphic sequence dominat-
ed by metabasic rocks. This Domuzdag Complex has undergone a high-
grade blueschist facies metamorphism, and 3. In the south, another
metabasite-marble dominated unit with a low-grade blueschist facies
metamorphism, the Middle Jurassic Kunduz Metamorphic Complex.

3. Subduction-accretionary wedge of the Central Pontides
3.1. Accreted distal turbidites: the Esenler Unit

The Esenler Unit is a metamorphosed flysch sequence composed
predominantly of slate/phyllite and intercalated metasandstone
(Fig. 5a) with lesser amounts of marble, metabasites and serpentinites.
Metasandstones are mostly of greywacke type and occur as sheared
pods within the slates. Recrystallized limestone blocks, up to 200 m
across, in the metaflysch are interpreted as olistoliths. Barkurt et al.
(1990) describe Lower Cretaceous fossils from these limestones. Most
of the metabasites show incipient blueschist facies mineral assemblages
and consist of sodic- and calcic-amphibole, sodic-pyroxene, epidote,
chlorite, albite and titanite with augite relicts. Sheared serpentinite
slices are found along shear zones. Temperature estimates based on
Raman spectroscopy on carbonaceous material of the metapelitic
rocks indicate that most of the Esenler Unit has undergone metamor-
phism at temperatures of ~330 °C but it also includes phyllite slices
metamorphosed at higher temperatures of 370-385 °C (Aygiil et al.,
2015b).

North of the study area, the Esenler Unit is overthrust by low-grade
metavolcanic rocks, which possibly form part of the Cangaldag Complex
(Figs. 3, 4a), a Middle Jurassic volcanic arc (Okay et al., 2006a, 2014;
Ustadmer and Robertson, 1999). To the south, the Esenler Unit is sepa-
rated from the Domuzdag Complex by a detachment fault, partly
overprinted by a post-Eocene east-west strike slip fault (Figs. 3, 4).

In terms of lithology, grade and age of metamorphism the Esenler
Unit resembles metamorphosed Lower Cretaceous turbidites of the
Martin Complex (Fig. 2). However, while the metabasites of Esenler
Unit show incipient blueschist facies mineral assemblages, in the Martin
Complex, they are of greenschist facies. We infer that the Esenler Unit
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Domuzdag Complex

represents distal segments of Lower Cretaceous turbidites deposited
on the Laurasian active continental margin that were subsequently
accreted.

3.2. Underplated oceanic metabasalts and metasediments: the Domuzdag
Complex

The Domuzdag Complex is a blueschist to eclogite facies HP/LT
metamorphic unit dominated by oceanic crustal lithologies indicat-
ing that it formed along an active margin and represents a
subduction-accretionary complex (Altherr et al., 2004; Okay et al.,
2006a; Tiysiiz, 1990; Ustabmer and Robertson, 1999, 1994). In the
area studied, the Domuzdag Complex mainly consists of dark gray
micaschist (about 40% of the sequence), metabasite (40%) and
serpentinite (5%) with minor amounts of marble, metachert, and
metagabbro (Fig. 5b, c). The mineral paragenesis in the micaschists
is quartz + phengite + paragonite + chlorite + albite + rutile +
chloritoid 4 garnet £ sodic amphibole. The metabasites are mostly
well-foliated epidote-blueschists locally with garnet. The common
mineral assemblage in the blueschists is sodic amphibole +
epidote + chlorite + titanite 4 albite 4- garnet. Eclogite facies mineral
paragenesis was not found in the area studied. Retrogression to albite—
chlorite fels is common with relicts of aligned sodic-amphibole. In
terms of geochemistry, metabasites of the Domuzdag Complex predom-
inantly exhibit MORB and within-plate basalt characteristics (Ustadmer
and Robertson, 1999).

3.2.1. The detachment fault

The detachment fault is an extensional shear zone of ca. 600 m in
thickness that forms the main boundary between continental and oce-
anic accretionary units (Fig. 4a). It is characterized by mixing of blocks
from the hanging- and foot-wall within a highly sheared brittle
cataclasite. Marble, serpentinite, metabasite, and micaschist blocks are
found along the shear zone (Fig. 6a). Metabasites consist of fresh
lawsonite-blueschist and retrogressed albite-chlorite fels which
were derived from the underlying Domuzdag Complex. Lawsonite-
blueschists predominantly consist of lawsonite and sodic-amphibole
with additional sodic-pyroxene, chlorite, phengite, epidote, albite and
titanite. Absence of lawsonite relicts in the albite-chlorite fels suggests
that mixing of distinct metabasites occurred late during exhumation.
NW dipping stretching lineations are observed within or around the
shear zone, especially in the footwall micaschists which are character-
ized by absence of any peak metamorphic assemblages and the pres-
ence of syn-kinematic albite porphyroblasts. Blocks within the fault
zone consistently indicate top to NW sense of shear (Fig. 6b). The
detachment fault was responsible for the final exhumation of deeply
buried metabasites and micaschists of the Domuzdag Complex to shal-
low levels.

Extensional A'(SE)
shear zone Domuzdag Complex
1500

U. Cretaceous
volcanic rocks

Kunduz Metamorphic Complex

Fig. 4. Geological cross sections. See Fig. 3 for their locations. a) A-A’ section shows the initial structural relations between the Cangaldag Complex, the Esenler Unit and the Domuzdag
Complex. b) B-B’ section shows the post-metamorphic faulting and folding between the Esenler Unit, Domuzdag Complex and the Kunduz Metamorphic Complex.
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Fig. 5. Field photos of the units in the area studied. a) Slate and metasandstone intercalation of the Esenler Unit. b) Dark gray, carbonaceous micaschist of the Domuzdag Complex. ¢) Well-
foliated epidote-blueschist, Domuzdag Complex. d) Metabasite and marble alternation of the Kunduz Metamorphic Complex.

3.3. Middle Jurassic accretionary complex: the Kunduz Metamorphic
Complex

To the south, the Domuzdag Complex is in contact with a
metabasite-marble dominated unit along the North Anatolian Fault
(Figs. 3, 4b). It consists of metabasites, volcanogenic metasandstones
and metatuffs intercalated with pale marble horizons with minor
metachert (Fig. 5d). The common mineral paragenesis in the metabasites

is calcic-amphibole, epidote, chlorite, albite and titanite locally with
sodic-amphibole. Metamorphism is dated here as Middle Jurassic with
Albian overprint (see geochronology below). It forms the western exten-
sion of the so called Kunduz Metamorphics (Tiiystiz, 1990).
Leucite-bearing alkaline volcanic rocks and volcanoclastic turbidites
are widely exposed in the southern part of the accretionary prism. The
volcanic sequence is reported to be of Campanian-Maastrichtian age
(Rice et al., 2006). This is supported by recent “°Ar/>*Ar age data on

Fig. 6. Field photos of the extensional shear zone. a) General view of the shear zone with blocks of (from S to N) marble and a retrogressed metabasite within a gray cataclasite.

b) A micaschist block within the cataclasite with NW sense of shear (pencil // lineation).
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the alkaline volcanic rocks of 73.6 4 0.18 and 76.78 4+ 0.19 Ma (Geng
et al.,, 2014). The volcanoclastic rocks were probably deposited on the
Kunduz Metamorphic Complex, however, they now form a steeply
dipping tectonic slice within the complex (Figs. 3, 4b). Geochemical
data from the alkaline volcanic rocks show within-plate setting (Rice
et al., 2006) and subduction-influenced volcanism (Geng et al., 2014,
Giilmez et al., 2014). It is interpreted as a sedimentary-volcanic fill
unit in a back-arc setting (Rice et al., 2006).

3.4. Cretaceous forearc basin and mélange: the Kirazbast Complex

The Central Pontide Supercomplex is overlain by an Upper
Cretaceous volcano-sedimentary sequence. Most of the contacts of the
volcano-sedimentary unit, called the Kirazbasi Complex, with the meta-
morphic rocks are faulted. However, at few localities a stratigraphic con-
tact is preserved (Okay et al., 2006a). In these localities the Kirazbasi
Complex starts with Turonian pelagic limestones, which pass up into
siliciclastic turbidites overlain by mass flows and ophiolitic mélange,
consisting of basalt, radiolarian chert, serpentinite, pelagic shale and
limestone. Tiiysiiz and Tekin (2007) describe Cretaceous (Barremian
to Cenomanian) radiolaria from the chert blocks. In the area studied,
there are two main exposures of this unit. Around Akkaya village,
reddish hemipelagic siltstone-shale alternations are overlain by a
mélange-like slightly sheared greywacke and shales with pillow
basalt and chert blocks. Around Biirniik, a clastic sedimentary sequence
consisting of sandstone and siltstone is overlain by a mélange consisting
of serpentinite, radiolarian chert, basalt, diabase and gray limestone
blocks. The Kirazbasi Complex is interpreted as a forearc basin devel-
oped in front of southward verging thrust slices in the accretionary
prism.

4. Petrography and mineral chemistry

In order to determine the P-T conditions of the metamorphism,
a metabasite from the Esenler Unit, a garnet-blueschist from the
Domuzdag Complex and a lawsonite-blueschist, exposed along the
extensional shear zone, were analyzed by electron microprobe. Micro-
probe analyses were performed by a JEOL JXA8200 electron microprobe
in the University of Potsdam using natural standards. Measurement
conditions were 15 keV acceleration potential, 10 nA beam current
and a beam diameter of 2-5 pm for counting times of 20 s. Representa-
tive mineral compositions are given in Table 1. Sample localities are
shown in Fig. 3.

4.1. Metabasite within the Esenler Unit

Sample 211B is an unfoliated metabasite with augite relicts (Fig. 7a).
The metamorphic mineral assemblage in the sample is sodic- and calcic-
amphibole, sodic-pyroxene, epidote, chlorite, albite and titanite. Sodic-
amphibole forms randomly distributed prismatic crystals and is of
crossite composition (Fig. 8). Crossite is rimmed by actinolite. Sodic-
pyroxene with a compositional range of Aegog_40Jds_13Dis3_s55 Over-
grows and replaces magmatic augite. The Mg/(Mg + Fe) ratio of chlo-
rites ranges between 0.57 and 0.47. Texturally, there are two types of
epidote. The first one forms large grains with iron-rich cores (Fe*>*/
(Fe>* + Al) = 0.36). The Fe# ratio decreases rimward to 0.23-0.24.
The second type forms small grains with pistacite-poor cores (Fe>*/
(Fe** 4 Al) = 0.14-0.17) and Fe-rich rims (Fe>*/(Fe** + Al) =
0.29-0.31). The stable Ti-bearing phase is titanite. Plagioclase is almost
pure albite (An = 0-1%).

4.2. Lawsonite-blueschist block within the extensional the shear zone
The lawsonite-blueschist (sample 128) consists of sodic-amphibole,

lawsonite, sodic-pyroxene, chlorite, phengite, epidote, albite and
titanite (Fig. 7b). Sodic-amphibole has crossitic cores rimmed by

glaucophane (Fig. 8). Glaucophane also forms single grains and is
found as inclusion in lawsonite. Sodic-amphibole is partly replaced by
albite and chlorite. Lawsonite is partly decomposed to epidote and al-
bite along its rims. Sodic-pyroxene shows two compositional ranges:
Jds_1sAeg31_23Digs_50 and Jdis_sgAegsz_ogDigz_37. Si content of
phengites ranges between 3.41 and 3.54 silicon per formula unit
(p.f.u.). Epidote has pistacite-poor cores (Fe> "#: 0.02-0.09) and Fe3*
rich rims (Fe®™#: 0.23-0.33). Chlorite (Mg/(Mg + Fe) = 0.53-0.54) re-
places the Na-clinopyroxene. Plagioclase is albite (An = 0-5%) and Ti-
bearing phase is titanite.

4.3. Garnet-blueschist from the Domuzdag Complex

The garnet-blueschist (sample 702 A) consists of garnet, sodic- and
calcic-amphibole, epidote, chlorite, albite, phengite, titanite and mag-
matic augite relicts (Fig. 9a). Garnets grow over the foliation defined
by glaucophane and epidote. They are 0.2 to 0.4 mm across and com-
prise glaucophane, epidote, and titanite inclusions aligned parallel
to the main foliation. Generation of pressure shadows defined by
glaucophane, epidote and phengite suggests a syn-kinematic origin
(Fig. 9a). Compositional range of the garnet is Almgy4_s6Py>_4GIrs39_33.
Sps15_». From core to rim, almandine increases at the expense of spes-
sartine but the sum of these components remains stable with little
change in the grossular and pyrope contents. This can also be seen in
element maps showing a typical garnet growth zoning evidenced by
progressive exchange of Fe and Mn (Fig. 9b).

Sodic-amphibole is mostly ferroglaucophane (Fig. 8) and replaces
augites along their rims or forms aligned prismatic crystals that
define the foliation. Sodic-amphibole is rimmed and partly replaced
by calcic-amphibole and chlorite. Epidote has pistacite-poor core
(Fe**# = 0.06-0.12) and pistacite-rich rim (Fe>*# = 0.18-0.22). Si
contents of phengite range between 3.41 and 3.53 c.p.f.u. Within the
garnet pressure shadows, Si content of phengite decreases rimward
(3.50-3.44 c.p.fu). Mg/(Mg + Fe) of chlorite ranges between 0.48 and
0.56. The stable Ti-bearing phase is titanite. Plagioclase is albite
(An = 1-6%).

5. Pressure-temperature estimates of the metamorphism

To constrain the PT conditions of the lawsonite- and garnet-
blueschists, we produced pseudosections by Theriak-Domino software
calculating equilibrium mineral assemblages by the Gibbs free energy
minimization method (de Capitani and Brown, 1987; de Capitani and
Petrakakis, 2010). Bulk rock chemistry was obtained by XRF analysis
in GeoForschungsZentrum (GFZ), Potsdam (Table 2).

5.1. Lawsonite-blueschist (sample 128)

In the modeled PT space sudden increase of jadeite and decrease
of diopside contents of sodic-pyroxene (Jds_igsAegsi_3Digs_s9
and Jdjs_3sAegsz_»sDisz_37) overlaps with the first appearance of the
lawsonite (Fig. 10a). The peak mineral assemblages of lawsonite +
glaucophane + sodic-pyroxene + phengite for the sample 128 cover
a large P-T area. According to X;q of omphacite and Si contents of
phengite, we constrained the metamorphic conditions to 12-16 kbar
pressure and 370-440 °C temperature (Fig. 10a).

5.2. Garnet-blueschist (sample 702A)

For the sample 702A, garnet grows at the expense of epidote. In the
shaded area of Fig. 10b, with increasing pressure, X, increases and
Xaim decreases. In sample 702A, grossular component is stable around
40%. This suggests that garnet growth occurred along a path parallel to
the X5 isopleths (Fig. 10b). In the shaded area, Si isopleths of phengite
are orthogonal to the X¢s and X, isopleths and Xg; decreases along
the inferred path. This is in accordance with measured phengite
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Table 1
Representative mineral compositions.

211B Core Rim 128 Core

Amph Amph Na-cpx Ep Ep Chl Amph Amph Lws Lws Na-cpx Na-cpx Ms Ep

252 249 321 240 241 267 178 171 155 170 140 147 144 158
Sio, 53.93 52.63 52.02 38.13 37.28 29.92 56.57 56.97 38.65 38.50 53.88 55.43 51.74 39.33
TiO, 0.05 0.04 0.08 0.13 0.04 0.04 0.15 0.08 0.40 0.04 0.00 0.08 0.04 0.06
Al,03 498 137 2.55 28.55 22.69 16.13 5.96 9.65 31.46 31.89 2.80 9.17 23.60 30.58
Cr,05 0.01 0.00 0.02 0.00 0.01 0.00 0.00 0.02 0.02 0.02 0.00 0.00 0.00 0.00
FeO 23.43 17.87 15.99 6.74 13.91 23.00 17.77 15.46 0.59 0.83 1343 12.08 4.03 439
MnO 0.17 0.26 0.22 0.15 0.13 0.29 0.29 0.12 0.06 0.00 0.61 0.27 0.05 0.20
MgO 6.52 12.82 7.25 0.02 0.00 17.24 9.39 8.23 0.03 0.01 8.44 513 4.08 0.00
Ca0 0.75 10.77 13.11 23.06 22.40 0.23 1.36 0.50 16.85 16.95 15.12 9.41 0.03 24.05
Na,O 6.45 1.00 5.33 0.02 0.00 0.03 6.81 7.49 0.01 0.01 5.50 9.03 0.08 0.01
K,0 0.09 0.10 0.04 0.01 0.01 0.48 0.01 0.02 0.01 0.01 0.01 0.01 1145 0.05
Total 96.37 96.86 96.63 96.79 96.47 87.35 98.32 98.54 88.07 88.25 99.77 100.60 95.11 98.66
Si 7.884 7.737 2.002 2.974 2.981 3.122 7.923 7.904 2.031 2.022 1.989 1.982 3.509 2.992
Ti 0.006 0.004 0.002 0.008 0.002 0.003 0.016 0.008 0.016 0.002 0.000 0.002 0.002 0.004
Al 0.858 0.238 0.116 2.624 2.139 1.984 0.984 1.577 1.949 1.974 0.122 0.386 1.887 2.742
Cr 0.001 0.000 0.274 0.000 0.000 0.000 0.000 0.002 0.001 0.001 0.000 0.000 0.000 0.000
Fe3+ 1172 0.547 0.001 0.439 0.930 0.000 0.880 0.428 0.000 0.000 0.294 0.271 0.000 0.279
Fe?* 1.692 1.650 0.240 0.000 0.000 2.007 1.201 1.365 0.026 0.036 0.120 0.090 0.228 0.000
Mn 0.021 0.033 0.007 0.010 0.009 0.025 0.035 0.014 0.002 0.000 0.019 0.008 0.003 0.013
Mg 1.421 2.809 0.416 0.002 0.000 2.681 1.961 1.701 0.003 0.000 0.464 0.274 0.412 0.000
Ca 0.117 1.697 0.541 1.927 1.919 0.025 0.204 0.075 0.949 0.954 0.598 0.360 0.002 1.960
Na 1.828 0.285 0.398 0.002 0.000 0.006 1.849 2.015 0.001 0.001 0.393 0.626 0.011 0.002
K 0.016 0.019 0.002 0.001 0.001 0.064 0.002 0.004 0.001 0.000 0.000 0.000 0.991 0.005
Total 15.016 15.019 4.000 7.988 7.982 9.918 15.055 15.094 4.979 4.990 4.000 4.000 7.046 7.997

Mineral fornmula calculations are based on 23 oxygen for Amph, 4 cations for Cpx; 12.5 oxygen for Ep; 14 oxygen for Chl; 8 oxygen for Lws and Ab; 11 oxygen for Ms; 12 oxygen for Grt.
Amphibole formula is calculated by an existed exel spreadsheet based on maximum ferric iron correction after Schumacher (1997); for sample 128 and 702A, normalized to 13eCNK and

for sample 211B to 15eK.

composition in the garnet pressure shadow. Modeled clinopyroxene
composition forms hedenbergite and diopside solid solution. Jadeite
component appear in the high pressure part of the PT area after con-
sumption of epidote (Xjq: ~3%). However, no growth of metamorphic
clinopyroxene is detected in sample 702A but relicts of augites. Meta-
morphic conditions are constrained as 17 4 1 Kbar and 500 + 40 °C.

5.3. Metabasite of the Esenler Unit (sample 211B)

PT conditions of the sample 211B are weakly constrained by single
reactions (Fig. 11) calculated by TERMOCALC (3.33) software (Powell
and Holland, 1988) using the thermodynamic data set of Holland and
Powell (1998). Activities of the reactions were calculated from the min-
eral chemistries by the AX program (https://www.esc.cam.ac.uk/
research/research-groups/holland/ax). A petrogenetic grid for the low-
grade metabasite in NCMASH system (Schiffman and Day, 1999) and
stabilities of the sodic-, sodic-calcic and calcic amphibole (Otsuki and
Banno, 1990) are also added in Fig. 11. The presence of albite gives the
upper limit of the pressure. A lower limit of pressure is constrained by
reaction (1);

Daphy g15 + Ab + Facto o045 = Fglg 0132 + CZo53 + Qtz + H,0. (1)

A possible lower limit of the temperature is constrained by the ab-
sence of lawsonite by the following reactions;

Fg10.0]32 + Lws = Ab + QtZ + DaphO.mz + CZO_53 -+ Hzo (2)

Glo.oos1 + Law = Czg 53 + Ab + Qtz + Amesg 021 + H>O0. (3)

Metamorphic conditions were constrained as 400 + 70 °C tempera-
tures and 7-12 kbar pressures.

6. Structural analysis of the accretionary wedge

In the Central Pontides, general regional structures of accretionary
wedge trend in SW-NE direction which has been subjected up to 40°
Late Cretaceous-Paleocene counter-clockwise rotation revealed by pa-
leomagnetic studies (Meijers et al., 2010). In the study area, this trend
is represented by the detachment fault separating the Esenler Unit
from the underlying Domuzdag Complex. Similar contact relations are
also observed in the NW of the study area where the Domuzdag Com-
plex is overlain by the Cangaldag Complex (Okay et al., 2006a). Orienta-
tion of foliation planes of the Esenler Unit varies depending on their
proximity to different contacts (Fig. 12a). In the north of the study
area, the Esenler Unit is overthrust by the metavolcanic rocks of the
Cangaldag Complex. Around the thrust, strong stretching lineation
developed in the metaflysch and the metavolcanic rocks trending SW-
NE and slightly plunging to NE (Fig. 12b). Lineations with similar trends
are common throughout the metaflysch suggesting a general transport
in this direction. These remarkable SW-NE trending lineations are also
reported farther east from the Cangaldag Complex overlying the
Domuzdag Complex (Okay et al., 2006a). They are oblique to the general
structural trend of the Central Pontides and may depict the obliquity of
the subduction itself.

To the south of the detachment fault, foliation planes of the
Domuzdag Complex strike SW-NE parallel to the detachment
(Fig. 12c). The footwall micaschists predominantly exhibit NW plunging
stretching lineation orthogonal to the foliation (Fig. 12d). Similar linea-
tions are also observed in the blocks and fault gouge of the extensional
shear zone. This suggests that they developed by pervasive shearing
during exhumation.

An east-west striking post-Eocene fault, the Akgatas Fault (Figs. 3, 4b),
overprints the detachment fault and separates the Domuzdag Complex
into two sectors. Along the Akgatas fault, the Domuzdag Complex thrusted
over the Esenler Unit which also shows an inverted metamorphic grade
revealed by the temperatures obtained from Raman spectra of carbona-
ceous material (Aygiil et al,, 2015b). South of the Akgatas fault, foliation
planes of the Domuzdag Complex define large synforms (Figs. 12e, 4b)
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Rim 702A Core Rim Core Rim Core Rim

Ep Chl Ab Amph Amph Grt Grt Ep Ep Ms Ms Chl Cpx Cpx Ab

156 153 187 20 1 35 34 31 32 27 28 29 52 89 57

37.92 29.08 69.21 56.34 55.96 37.14 37.27 38.96 38.10 53.47 50.94 26.69 50.38 50.54 68.55
0.06 0.03 0.00 0.07 0.03 0.19 0.15 0.08 0.17 0.11 0.12 0.02 1.18 1.00 0.00

24.11 19.67 19.46 10.29 12.05 20.87 21.31 31.11 25.96 25.70 25.11 1943 3.62 4.10 19.48
0.01 0.01 0.00 0.02 0.01 0.00 0.00 0.03 0.00 0.00 0.00 0.03 0.06 0.38 0.00
12.25 23.51 0.15 15.58 15.92 22.12 25.43 3.46 9.63 4.05 422 27.08 9.28 8.74 0.17
0.41 0.36 0.02 0.11 0.12 5.06 1.04 0.02 0.03 0.04 0.04 0.14 0.23 0.25 0.01
0.02 15.13 0.01 7.55 6.28 0.45 0.57 0.00 0.00 3.85 3.62 14.16 15.13 16.56 0.00

22.70 0.12 0.14 1.40 0.52 14.11 13.97 24.20 23.35 0.04 0.01 0.03 19.84 18.20 0.13
0.00 0.16 11.86 6.72 7.66 0.02 0.04 0.04 0.02 0.11 0.14 0.04 038 0.40 11.83
0.00 0.17 0.03 0.02 0.06 0.01 0.01 0.01 0.01 9.73 11.30 0.08 0.00 0.00 0.02

97.48 88.24 100.89 98.10 98.60 99.96 99.79 97.90 97.26 97.11 95.51 87.69 100.09 100.16 100.19
2.988 2.995 2.999 7.883 7.825 2.970 2.973 2.981 2.986 3.500 3.442 2.836 1.864 1.856 2.992
0.004 0.002 0.000 0.007 0.003 0.011 0.009 0.005 0.010 0.005 0.006 0.002 0.033 0.028 0.000
2.239 2.389 0.993 1.697 1.986 1.967 2.003 2.805 2398 1.983 2.000 2.432 0.158 0177 1.002
0.000 0.001 0.000 0.002 0.001 0.000 0.000 0.002 0.000 0.000 0.000 0.002 0.002 0.011 0.000
0.807 0.000 0.000 0.274 0.115 0.000 0.000 0.221 0.631 0.000 0.000 0.000 0.073 0.073 0.000
0.000 2.026 0.005 1.549 1.747 1.479 1.696 0.000 0.000 0.222 0.239 2.406 0.214 0.196 0.006
0.027 0.031 0.001 0.013 0.014 0.343 0.070 0.001 0.002 0.002 0.002 0.012 0.007 0.008 0.000
0.003 2.323 0.001 1.575 1.309 0.053 0.068 0.000 0.000 0.376 0.365 2.243 0.835 0.907 0.000
1916 0.013 0.007 0.210 0.078 1.209 1.193 1.983 1.961 0.003 0.001 0.004 0.787 0.716 0.006
0.000 0.033 0.996 1.824 2.077 0.002 0.006 0.006 0.004 0.013 0.018 0.007 0.027 0.029 1.001
0.000 0.023 0.002 0.004 0.010 0.001 0.001 0.001 0.000 0.813 0.974 0.011 0.000 0.000 0.001
7.985 9.836 5.004 15.038 15.165 8.037 8.020 8.005 7.992 6.917 7.048 9.954 4.000 4.000 5.008

bound by faults parallel to the Akcatas Fault. Such a fold pattern is also
observed within the Kunduz Metamorphic Complex (Fig. 12f) and also
in the Campanian alkaline volcanic and volcano-clastic rocks. This post-
metamorphic deformation is likely to be associated with the accretion
of the Kosdag Arc at ca. 70 Ma (Aygiil et al., 2015a).

7. “°Ar/*Ar geochronology

In order to constrain the age of regional metamorphism, we dated
phengite separates from the Esenler Unit, the Domuzdag and the
Kunduz metamorphic complexes by “°Ar/*°Ar method (for the sample
location see Fig. 3). Dating was conducted at the “°Ar/>°Ar geochronol-
ogy laboratory of University of Potsdam by stepwise heating with CO,
laser. The dating system and the procedures are given in recent litera-
ture including, Aygiil et al. (2015a); Halama et al. (2014) or Wilke

et al. (2010). Details of the procedures of the analysis and calculation
are given as an electronic supplementary file (Appendix A1). All the re-
sults are shown by the age spectra in Fig. 13. The “°Ar/*°Ar data are pro-
vided in Appendix A2 (Table A2) and microphotographs of the dated
samples are presented in Appendix A3.

7.1. Cretaceous HP/LT metamorphism

Samples 31 and 230 are phyllites from the Esenler Unit. They
show similar mineralogical composition and texture and consist of
white mica, quartz, chlorite, and albite. Fine grained phengite and
chlorite define the foliation. Sample 392 is a micaschist from the
Domuzdag Complex exposed south of the detachment fault. It consists
of phengite, paragonite, chlorite, quartz, rutile and syn-kinematic
albite porphyroblasts with rotational inclusion fabrics. Foliation is

Fig. 7. Plane-polarized photomicrographs of (a) an unfoliated metabasite from the Esenler Unit (sample 211B) and (b) a lawsonite-blueschist exposed along the extensional shear zone
(sample 128). Na-amph = sodic amphibole; Cpx = augite relicts; Ep = epidote; Chl = chlorite; Ab = albite; Lws = lawsonite; Na-cpx = sodic clinopyroxene; Ttn = titanite.
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Fig. 8. Compositional ranges of the amphiboles of the measured metabasites. Sample 211B
is the metabasite within the Esenler Unit; sample 128 is the lawsonite-blueschist exposed
along the extensional shear zone and sample 702A is a garnet-blueschist from the
Domuzdag Complex.

Table 2
Bulk rock compositions and calculated element mol percentages used in the pseudo-
section calculations.

128 702A
Oxide (Wt.%)
Si0, 50.21 46.39
TiO, 1.56 2.01
Al,05 14.91 14.25
Fe,05 11.99 13.71
MnO 0.17 0.23
MgO 528 6.51
Ca0 6.09 8.98
NaO 4.40 2.85
K,0 0.66 0.57
P,05 0.16 0.24
LOI 438 3.95
Total 99.80 99.70
Element (mol%)
Si 22.228 22.284
Al 7.891 7.421
Ti 1.206
Fe 8.386 9.589
Mg 3.184 3.926
Ca 3.184 6.518
Na 3.264 2.114
K 0.548 0.473
H,0 Saturated Saturated

defined by phengite (3.33-3.48 Si c.p.f.u) and chlorite. Sample 753A is a
chloritoid-micaschist consisting of chloritoid, phengite, chlorite,
paragonite, quartz and rutile with pseudomorphs after glaucophane.
Chloritoid forms porphyroblasts of radially growing crystals. Foliation,
defined by phengite and chlorite, bends around the chloritoid porphyro-
blasts. Si content of phengite ranges between 3.23 and 3.47 c.p.f.u.

he

GIn  Ab T Grt
Ca-Amph
TRy

Fig. 9. a) BSE image of the garnet-blueschist (702A). Garnet exhibit pressure shadow consisting of Gln + Phe + Ep. Ca-amph, Chl and Ab are secondary and replace Na-amphiboles
elsewhere. b) Element mapping of the garnet in Fig. 8a with typical growth zoning. Ca and Mg are almost stable. Mn decreases rimward while Fe increases.
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Fig. 10. Pseudosections produced by the Theriak-Domino software showing calculated equilibrium mineral assemblages for the metabasites. a) Modeled PT space for lawsonite-blueschist
(sample 128). The peak mineral assemblages of Lws + Gln + Na-Cpx + Phe are labeled. Thick blue line limits the stability field of lawsonite, thick dashed line garnet and thin dashed line
for the paragonite. Thick black line limits the stability of albite at the lower part of diagram. According to Xjq (red) and Si isopleths (gray) of phengite metamorphic conditions constrained
as 14 £ 2 kbar and 370-440 °C (shaded area). b) Modeled PT space for the garnet-blueschist (702A). Thick black line limits stability field of epidote and dashed line of garnet. Stability field
of lawsonite is marked by thick blue line. Isopleths; gray, Si content of phengite; green and red, X¢,s and Xaim, respectively; dashed isopleth, X;q. Metamorphic conditions constrained as
17 £ 1 kbar and 500 + 40 °C (shaded area). (For interpretation of the references to color in this figure legend, the reader is referred to the online version of this chapter.)

40Ar/29Ar phengite ages of the samples 31 and 230 are 101.5 4+ 4.8 Ma
and 99.9 + 1.7 Ma, respectively, and agree within 1 sigma error limits
(Fig. 13a, b) and indicate a late Early Cretaceous regional metamor-
phism for the distal turbidites. Sample 392 exhibits a plateau age of
100.6 £ 1.3 Ma (Fig. 13c). Sample 753A, however, gives a younger pla-
teau age of 91.8 + 1.8 Ma than three ages above (Fig. 13d). The age

Pressure [kbar]

0 T T T
100 200 300 400 500

Temperature [°C]

Fig. 11. PT estimates of the sample 211B (shaded area) by single reactions produced by
THERMOCALC software. Stabilities of the amphiboles are from Otsuki and Banno (1990)
and a petrogenetic grid in NCMASH system for low-grade metabasite is from Schiffman
and Day (1999). Jd = jadeite; Qtz = quartz; Ab = albite; Mrb = magnesioriebeckite;
Win = winchite; Barr = barroisite; Act = actinolite; GIn = glaucophane; Lws =
lawsonite; Pmp = pumpellyite; Chl = chlorite; Czo = clinozoisite; Tr = tremolite.

results are in accordance with previously published data constraining
the regional metamorphism in the Central Pontides as Albian (Okay
et al,, 2013, 2006a). The 91.8 & 1.8 Ma age, the youngest “°Ar/>°Ar age
obtained in Central Pontides so far, indicates that subduction and accre-
tion continued until Turonian with a possible southward younging of
the HP/LT regional metamorphism.

Interpretation of the radiogenic ages depend on the isotopic closure
concept accepting temperature as fundamental parameter together
with grain size and cooling rate (Dodson, 1973). Additionally deforma-
tion and fluids have a significant effect on isotopic diffusion (Villa,
1998). Harrison et al. (2009) report a closure temperature of muscovite
grain 100 pm across, cooling at 10 °C/Ma at 10 kbar as 425 °C. The rela-
tively low temperatures of metamorphism (~380 °C for the Esenler Unit
and 450-500 °C for the Domuzdag Complex) indicate that the obtained
ages represent crystallization. In sample 392, however, the obtained age
should be an exhumation age related to recrystallization by extensional
shearing. This is evidenced by i) its structural position close to the
extensional shear zone with identical lineation development and
ii) absence of any peak metamorphic assemblages but syn-kinematic al-
bite porphyroblasts. The 91.8 + 1.8 Ma age suggests that extensional
shearing and exhumation of the footwall micaschist occurred during
on-going subduction.

Early-Middle Eocene limestones lie unconformably over the meta-
morphic rocks of the CPS (Okay et al., 2013; Ozcan et al., 2007). In the
area studied, Helonocyclina and Orbitoides-bearing Maastrichtian lime-
stones (Ercan Ozcan, per. com.) exposed along the post-Eocene Akcatas
strike-slip fault and Campanian alkaline volcanic rocks (Geng et al.,
2014) provide an upper age limit for the regional metamorphism.

7.2. Middle Jurassic HP/LT metamorphism

Two samples from the Kunduz Metamorphic Complex yielded Mid-
dle Jurassic “°Ar/*°Ar phengite ages. The first sample (626A) is a quartz-
micaschist interlayered with light colored marble and metabasite. It
consists of quartz, phengitic white mica, epidote, hematite and titanite.
Phengites define a weakly developed foliation. Their Si contents range
between 3.37 and 3.44 c.p.f.u. The second sample (1290) is a well-foliated
metatuff consisting of quartz, phengite, albite, bluish-green amphibole,
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Fig. 12. Lower hemisphere, equal area projections of the foliations and the lineations. a) Foliation and b) lineation data from the Esenler Unit. c) Foliation and d) lineation measurements of
the northern part of the Domuzdag Complex. Lineations are mostly orthogonal to the NW dipping foliation planes and plunge to the NW related exhumation. e) Foliation data from the

southern part of the Domuzdag Complex and f) the Kunduz Metamorphic Complex.

chlorite and stilpnomelane with magmatic augite relicts. Amphibole
replaces the augite. Phengite defines the foliation.

The “°Ar/*°Ar phengite age of the sample 626A is constrained
as 159.3 £ 1 Ma with a pronounced plateau (Fig. 13e). Sample 1290 ex-
hibits, however, a disturbed plateau possibly associated with mixing of
different generation of the phengites. Released radiogenic “°Ar is con-
centrated in 151-161 Ma (Middle Jurassic) in the middle temperature
steps and ca. 100 Ma (Albian) with a 101 £ 0.6 Ma in the last 5 steps
making an apparent short “plateau” within the steps (Fig. 13f). Due to
the fact that radiogenic “°Ar was predominantly released in the third

and fourth steps which also hold >50% of the cumulative released 3°Ar
(Table A2), we infer a Middle Jurassic age for the sample which is possi-
bly overprinted during the Albian orogeny.

8. Discussion

Middle Jurassic and Cretaceous HP/LT metamorphic rocks,
collectively named as Central Pontide Supercomplex (CPS), crop out
widely in the central part of the Pontides (Okay et al., 2013). In the
Pontides, Middle Jurassic subduction-accretionary complexes (Celik
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etal, 2011; Marroni et al., 2014; Okay et al,, 2013; Topuz et al., 2012) or
arc sequences consisting of volcanic and intrusive rocks with LP/HT
metamorphic rocks (Geng and Tiiysiiz, 2010; Go¢mengil et al., 2013;
Okay et al., 2014) are increasingly reported in the last several years.
This suggests that Middle Jurassic represents a period of convergence
in Tethyan realm. In the CPS, the Middle Jurassic accretionary complexes
lie south of the Albian-Turonian ones, contrary to what is expected in
an evolving accretionary-type orogen. The possible Albian
metamorphic overprint in the Middle Jurassic metamorphic rocks
suggests that tectonic emplacement occurred during Albian orogeny.
Subduction obliquity can cause significant along strike tectonic
transport by using zones of weakness (e.g. Beck, 1983; Fitch, 1972;
Jarrard, 1986; McCaffrey, 1992). Emplacement of the Middle Jurassic
metamorphic rocks is most probably related to oblique convergence of
the Albian subduction.

The Cretaceous units within the CPS represent an Albian-Turonian
accretionary wedge along the Laurasian active continental margin. The
Albian-Turonian wedge is divided into a continental unit in the north
and an oceanic one in the south. The continental accretionary units,
the Martin Complex and the Esenler Unit, represent accreted distal
parts of Lower Cretaceous turbidites suggesting significant amount
of clastic sediment supply from a continental domain to the north
(Fig. 2; Aygiil et al., 2015b; Okay et al., 2013). This has a primary effect
on frontal enlarging of the wedge by offscraping and shallow level un-
derplating of continental detritus (Aygiil et al.,, 2015b). The accreted dis-
tal turbidites are tectonically underlain by oceanic crust-derived HP/LT
metabasite and micaschist along a detachment fault. In the area studied,

the deep-seated metabasites are epidote-blueschist locally with garnet.
Lawsonite-blueschist blocks within the extensional shear zone indicate
a major break in the metamorphic grade. The tectonic position of the
lawsonite-blueschists suggests that they formed during earlier stages
of the accretion along the overriding plate boundary. Lawsonite stability
is generally regarded as indicative for relatively cold thermal setting and
fast exhumation (Tsujimori et al., 2006b; Whitney and Davis, 2006;
Zack et al., 2004). There are many parameters that can affect the thermal
structure of a subduction zone including age of the slab, convergence
rate, geometry of subduction, and shear related heating (Peacock,
1996). It is reported by numerical modeling that temperatures at the
upper part of a subduction zone along the plate contact are primarily
determined by frictional heating (van den Beukel and Wortel, 1987).
Accordingly, Peacock (1992) showed that occurrence of blueschist fa-
cies low temperatures rocks is associated with low shear stress and
low shear heating along the subduction zone. We infer that during the
initial stage of the Albian convergence, accretion was characterized by
low shear stress generating a relatively cold thermal structure where
the lawsonite-blueschists formed.

8.1. Tectonic thickening of the deep-seated Domuzdag Complex

In the central Pontides, the deep-seated oceanic Domuzdag Complex
comprises a major proportion of the Albian-Turonian wedge and
consists of a tectonically thickened eclogite to blueschist facies meta-
morphic sequence. So far, the majority of studies on such HP/LT meta-
morphic rocks focused on their exhumation (e.g. Agard et al., 2009;
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Brun and Brun and Faccenna, 2008; Ganne et al., 2006; Jolivet et al.,
2003; Platt, 1993; Sedlock, 1999). However, tectonic thickening of
these metamorphic sequences requires considerable amount of space
along the plate interface which is generally disregarded. Platt (1986)
proposed a general thickening mechanism of the wedge by sediment
underplating in a stable subduction zone configuration. Steady state
thickening of the wedge is compensated by extension of the wedge
(gravity-driven collapse) which also exhumes the HP/LT metamorphic
rocks. Although this mechanism may cause thickening and uplifting of
shallow level underplated rocks (e.g. accreted distal turbidites of the
Esenler Unit), it is unlikely to solve the space problem along the plate
interface for tectonic thickening of deep-seated eclogite to blueschist fa-
cies metamorphic sequences (e.g. Domuzdag Complex).

By interpreting of seismic reflection data, Minelli and Faccenna
(2010) reported a post-Messinian basal décollement ramp related to
slab rollback in the Calabrian wedge, Italy; which caused frontal thrust
propagation and underplating. It is discussed by the same authors that

forward propagation of décollement associated with slab rollback can
cause crustal thickening (Minelli and Faccenna, 2010). By analogy
with the Calabrian wedge, slab rollback also seems the most plausible
process that can create a necessary space along plate interface for pro-
gressive deep level basal accretion. Thickening of the HP/LT Domuzdag
Complex is possibly achieved by continuous basal underplating of
oceanic basalts and sediments through décollement propagation along
the retreating slab (Fig. 14). By extending the wedge, slab rollback
also played a major role in subsequent exhumation of the accreted
deep-seated Domuzdag Complex. The extension of the Albian-
Turonian accretionary wedge is structurally evidenced by the detach-
ment fault and the footwall micaschists with syn-kinematic albite
porphyroblasts. “°Ar/*Ar dating on phengites reveals that extensional
pervasive shearing occurred in a syn-subduction setting. It is noteworthy
that progressive accretion/exhumation should appear with a younging
pattern towards the trench. This fits with the 91.8 4 1.8 Ma age obtained
from a chloritoid-micaschist exposed relatively south compared to
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100.6 + 1.3 Ma age in the north. In southern part of the wedge, the Upper
Cretaceous (Campanian, Geng et al., 2014) leucite-bearing alkaline volca-
nic rocks and related turbidites possibly formed above the thinning accre-
tionary wedge related to the continuing slab rollback.

We stress that slab rollback controlled basal décollement propagation
and synchronous extension of the wedge might be the most common
mechanism of the tectonic thickening and subsequent exhumation of
deep-seated HP/LT subduction-accretionary complexes.

9. Conclusions

Cretaceous HP/LT metamorphic rocks cover an area of 50 km by
100 km in the Central Pontides and represent accretionary complexes.
They comprise both continental and oceanic units resulting pre-
collisional accretionary tectonic growth of the southern Laurasian conti-
nental margin by ca. 80 km. In the north, the wedge consists of phyllite/
metasandstone intercalations with recrystallized limestones, Na-
amphibole-bearing metabasites (PT = 7-12 kbar and 400 + 70 °C)
and tectonic slices of serpentinite. The accreted continental meta-
sediments are underlain by HP/LT metamorphic rocks of oceanic origin
along a detachment fault. The oceanic metamorphic sequence com-
prises tectonically thickened deep-seated eclogite to blueschist facies
metabasites and micaschists. In the study area, metabasites are
epidote-blueschists locally with garnet (PT = 17 £ 1 kbar and 500 +
40 °C). Lawsonite-blueschists are exposed as blocks along the detach-
ment fault (PT = 14 + 2 kbar and 370-440 °C). They are possibly asso-
ciated with low a shear stress regime during the initial stage of
convergence. Age of regional metamorphism is constrained as Albian-
Turonian (102-92 Ma) with a southward younging pattern. To the
south, the accretionary wedge sequences consist of blueschist and
greenschist facies metabasite, marble and volcanogenic metasediment
intercalations. “°Ar/*°Ar phengite dating reveals that this part of the
wedge is of Middle Jurassic age partly overprinted during Albian time.
Emplacement of Middle Jurassic subduction-accretionary complexes
is possibly associated with obliquity of the Albian convergence.

Significant amount of clastic sediment supply from the overriding
continental domain into the trench had a primary effect on the enlarging
of the Albian accretionary wedge along the Laurasian active margin. Tec-
tonic thickening of the deep-seated oceanic subduction-accretionary
complexes was possibly achieved by underplating through propagation
of the décollement along a retreating slab which also triggered subse-
quent syn-subduction exhumation.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tecto.2016.01.010.
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