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4OAr-3°Ar age, petrography and geochemistry of the
Yoncayolu Metamorphic Rocks (NE Turkey): Subduction-
related metamorphism under greenschist facies conditions
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Abstract: The Yoncayolu Metamorphic Rocks (YMR), exposed in the Sakarya zone (Erzincan, NE Turkey), consists mainly
of greenschist rocks which are chlorite schists, muscovite-chlorite schists, metabasic rocks and lesser extent of pyhllites and
calc-schists. All YMR are fine-grained, weakly foliated and often cut by quartz veins. The common mineral assemblage is
chlorite+albite+epidote+quartz + clinozoisite + actinolite + opaques. Geochemically, protoliths of the YMR resemble calc-alkaline
volcanic arc rocks. The YMR have high contents of large ion lithophile elements (LILESs) and low contents of high field strength
elements (HFSEs) similar to mid-ocean ridge basalt (MORB). (La/Lu)cy values are between 0.26 and 6.16. The REE patterns show
slight or no Eu anomalies (Eucy/Eu* of 0.48 to 1.13), suggesting minor plagioglase fractionation. 4°Ar-2Ar dating on plagioclases
from the metabasic samples of the YMR gave ages of 100.8 +3.4 Ma (Albian) and 94.1+ 3.3 Ma (Cenomanian), suggesting that
metamorphism was related to the closure of the Neo-Tethyan Ocean. Metamorphism took place during subduction of the Neo-
Tethyan Ocean between ~90-70 Ma. Chlorite geothermometry yielded a temperature of 320—350 °C and a pressure around 4 kbar.
All these findings lend support for greenschist facies metamorphic conditions during the formation of the YMR.

Key words: Yoncayolu Metamorphic Rocks, NE Turkey, “°Ar-3°Ar age, greenschist facies, chlorite thermobarometry.

1. Introduction

Turkey is part of the Alpine orogenic belt which formed by
the collision of Laurasia with Gondwana in the Late Cre-
taceous-EarlyTertiary (SENGOR & YiLmaz 1981, SENGOR
et al. 1985). It can be divided into four main geological
units: the Sakarya zone, the Anatolide—Tauride Block, the
Intra-Pontide suture zone, and the Assyrian—-Zagros suture
zone (Okay & Tuvsuz 1999). The Sakarya zone, which
extends from the northwest to the northeast of Turkey
to the izmir-Ankara—Erzincan suture zone, comes into
direct contact with the Anatolide—Taurides block in the
Eastern Pontides. The Sakarya zone contains metamor-
phic basement rocks that are overlain by sediments and
volcanic rocks (OKAY & SAHINTURK 1997, OkAy & TUYsUz
1999, Okar & GoncuosLu 2004). The metamorphic
rocks can be divided into two groups according to their
ages: Devonian-Late Carboniferous and Late Cretaceous.
The Devonian-Late Carboniferous rocks were metamor-
phosed under high temperature/low pressure conditions.
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The resulting gneisses, amphibolites, migmatites and ul-
tramafic rocks were cut by Paleozoic granitoids such as
the Pulur massif in the east of the Sakarya zone (Okay &
SaTir 2000, Toruz et al. 2004).

Late Cretaceous metamorphic rocks are exposed
along the Izmir—Ankara-Erzincan suture within the Sa-
karya zone. These rocks, that are mainly composed of
volcanogenic sediments (Okavy 1984), have undergone
greenschist or blueschist facies metamorphism and were
formed during subduction between the Pontides and
Anatolide-Taurides blocks (Okay & Tuysuz 1999) in a
volcanic arc or back-arc basin (Okay & SAHINTURK 1997,
OkAy & Tuysuz 1999). Low-grade metamorphism in the
Sakarya zone is generally assumed to have occurred dur-
ing the Upper Cretaceous (Okay et al. 2006). Likewise,
the age of low pressure-medium temperature (LP-MT)
blueschist metamorphism in the whole region between
eastern Turkey to western Iran is estimated to have oc-
curred between 95 and 75 Ma (RoLLanD et al. 2009). In
the Assyrian—Zagros suture zone, the age of metamor-
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Fig. 1. (@) Main tectonic features and tectonic zones of NE Turkey (simplified from EvusocLu et al. 2006). (1) Palaeozoic metamorphic

basement, (2) Palaeozoic granites, (3) Serpentinite, (4) undifferentiat

ed Mesozoic and Cenozoic rocks, (5) platform carbonates, (6) mainly

Mesozoic sedimentary rocks, (7) Cretaceous and Eocene arc volcanic rocks, (8) Late Cretaceous and Eocene arc granites, (9) study area.
NAF: North Anatolian Fault; NEAF: Northeast Anatolian Fault. (b) Geological map of the study area (from Gucer 2008).

phism has been dated between 79-67 Ma (OBERHANSLI
et al. 2011).

The Yoncayolu metamorphic rocks (YMR) (Fig. 1a)
are exposed in the Uzuimli area (Erzincan) at the southern
border of the Eastern Pontides and along the izmir—An-
kara—Erzincan suture in the eastern part of the Sakarya
zone (e.g. SENGOR & YiLMAz 1981, GONCUOGLU & TURHAN
1983). In previous studies, a Permo-Triassic age was as-
signed to the YMR (Bektas 1981, OkAY & SAHINTURK

1997, SarirakiocLU et al. 2009). Although other massifs
in the region have been studied (e.g. KeTin 1966, BexTas
1981, Okay 1984, OkAY & SAHINTURK 1997, ALTINKAYNAK
2001, Topruz et al. 2004, 2011, SArIFAkiocLU et al. 2009)
there has been insufficient detailed work on the petrog-
raphy, geochemistry, metamorphism and age of the
YMR. The aim of this work, therefore, is to provide new
mineralogical, geochemical and geochronological data
for the YMR.
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2. Geological setting and local geology

On the basis of lithology and facies-type Paleozoic base-
ment rocks of the Eastern Pontides can be grouped into
two units, one in the north, and one in the south (Okay
& SAHINTURK 1997). In the northern zone, the rocks are
Devonian—Carboniferous in age and have been metamor-
phosed to chlorite schist, chlorite-sericite schist, chlo-
rite—amphibole—quartz—albite schist, muscovite—biotite—
quartz schist, gneiss and marble (Topuz et al. 2007). This
metamorphic basement is covered by Liassic volcanogen-
ic sediments and Upper Jurassic—Lower Cretaceous lime-
stones that outcrop over a large area (OkAY & SAHINTURK
1997, AsLaN 2005). In the southern zone, the rocks are
of Permo-Triassic age and have been metamorphosed
into phyllite, chlorite—sericite schist, muscovite—sericite—
quartz schist, calc-schist, quartzite, gneiss and amphibo-
lite (Topuz et al. 2004).

The YMR cover an area of ~60 km? (Fig. 1b) and are
composed of widespread greenschists rocks comprising
chlorite schists, muscovite-chlorite schists, metabasics,
rare pyhllites and calc-schists. All these rocks are fre-
quently cut by 5-50 cm thick quartz veins and were meta-
morphosed under greenschist facies P-T conditions. Chlo-
rite schists occur at the base and successively upwards
there are muscovite-chlorite schists, phyllites, metabasics
and calc-schists. Chlorite schists are the most widespread
lithology in the study area. They are yellowish in colour
and have a clearly visible foliation oriented parallel to the
original bedding planes. Foliation dips at 20-50°, gener-
ally towards the N and NE. The phyllites are fine-grained,
weakly foliated, and locally graphitic. Micaschists are re-
stricted to the central part of the lithological succession.
Lithological horizons are approximately parallel to each
other, but their thicknesses are variable. In some places,
the rocks have lost their original characteristics and are
characterised by metamorphic textures. Along the north-
ern boundary, the YMR are tectonically overlain by the
Refahiye ophiolitic mélange (Bextas 1981).

The Late Paleocene (60.7 £ 4.9 Ma) Kizlarkalesi gran-
odioritic intrusion (AsLan et al. 2011) intruded into the
chlorite schists (Fig. 1b). Epidote hornfels containing epi-
dote, garnet hematite, limonite, silica and calcite formed
locally at the contact with this intrusion in the Kizlarkalesi
Hills, north of Uzuimli. Apart from foliation, other struc-
tures observed include small-scale isoclinal folds.

The Cayderesi limestone unconformably underlies the
YMR and consists of dolomite and recrystallised lime-
stone (Gucer 2008). The limestone unit is 50-150 m thick
and represents a shallow, low-energy pelagic marine fa-
cies. As a result of intense fracturing and recrystallization
the rocks have lost many of their original features.
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The Refahiye ophiolitic mélange tectonically over-
lies the YMR and the Cayderesi limestone. It consists
of peridotite, dunite, serpentinite, amphibolite and gab-
bro (SENGOR & YiLmaz 1981, SariFakiocLu et al. 2009).
The Refahiye ophiolite was formed in the earliest stages
of island arc development in a supra-subduction forearc
tectonic setting, i.e., similar to other Jurassic—Cretaceous
Eastern Mediterranean ophiolites (SArIFakiocLU et al.
2009). The ophiolitic rocks were emplaced as nappes dur-
ing the Lower Campanian-Lower Maastrichtian (SARrI-
FAKIoGLU et al. 2009). Okay & SAHINTURK (1997) sug-
gested that the Refahiye ophiolite and the volcanic arc in
the Eastern Pontides are both related to the northwards
subduction of the Neo-Tethyan Ocean beneath the Eastern
Pontides continental margin. The Quaternary Erzincan
volcanics unconformably overlie all the other units. The
youngest rocks in the study area are alluvium and slope
debris material.

3. Materials and methods

One hundred samples from the YMR were analysed
petrographically with a polarizing microscope (Nikon
Eclipse E400 POL). Based on petrographic observations,
33 samples were selected for major, trace and rare earth
elements (REESs) analysis. Analyses of whole-rock major
elements, trace elements and REEs were carried out using
inductively coupled plasma—atomic emission spectrom-
etry (ICP-AES) and inductively coupled plasma-mass
spectrometry (ICP-MS) at ACME Analytical Laborato-
ries Ltd., Vancouver, Canada. Major- and trace-element
compositions were determined by ICP-AES after 0.2 g of
whole-rock powder was fused with 1.5g LiBO, and dis-
solved in 100 ml of 5% HNO;. REEs content were ana-
lysed by ICP-MS after dissolving 0.25 g samples of rock
powder. Loss on ignition (LOI) is defined as the differ-
ence in weight before and after ignition at 1000 °C. The
detection limits range from 0.01 to 0.1 wt% for major ox-
ides, 0.1 to 10 ppm for trace elements, and 0.01 to 0.5 ppm
for the REEs.

The mineral compositions of plagioclase, chlorite,
muscovite, amphibole, epidote and pyroxene were deter-
mined on carbon-coated polished sections using a JEOL
JXA-8900 L electron microprobe at Earth & Planetary
Sciences Department, McGill University, Canada. The
counting time for individual elements was 20s and the
sample current was 20nA. The results were processed
with Sigma Plot and Grapher 5.0 computer programs.

4OAr-3%Ar incremental dating was performed at the
Actlabs in Canada. Samples wrapped in Al foil were load-
ed in evacuated and sealed quartz vials with K and Ca
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salts and packets of LP-6 biotite muscovite interspersed
with the samples were used as flux monitor. The sam-
ples were irradiated in the VEK-11 carrier of the VVR-
K research reactor for 48 hours. The flux monitors were
placed between every two samples, thereby allowing pre-
cise determination of the flux gradients within the tube.
After the flux monitors were run, J values were then cal-
culated for each sample, using the measured flux gradi-
ent. LP-6 biotite has an assumed age of 128.1 Ma. The
neutron gradient did not exceed 0.5 % of the sample size.
4O0Ar-39Ar step heating experiments were accomplished in
a quartz reactor heated by an external furnace. Released

gases were purified by exposure to two Ti-getters and two
SAES getters. The Ar isotope composition was measured
on a Micromass 5400 static mass spectrometer. “°Ar blank
(measured at 1200 °C) did not exceed n*101° STP.

4. Results
4.1. Rock types and mineral compositions

The YMR consist of mainly chlorite schists and lesser ex-
tent pyhllites, muscovite-chlorite schists, metabasic rocks
and calc-schists. According to point counting, mineral

Table 1. Mineral content (%) for representative rock samples of the YMR.

Mineral content (%)

Sample No. M-1 M-7A M-17 M-30 M-32
Phyllite Chlorite schist ~ Chlorite schist ~ Chlorite schist Metabasite

Quartz 75 60 16 35

Plagioclase <1 30 5 6 60

K-feldspar 7 <1

Amphibole <1 39

Sericite 3 <1 1

Biotite <1

Chlorite 8 <1 10 50

Epidote 5 60 1

Garnet 8

Calcite 12 <1 1 6

Clay mineral <1

Apatite <1 <1

Rutile <1 <1 <1 <1

Magnetite <1 1 <1

Hematite <1 1
Table 2. Major mineral assemblages and textures of the YMR.
Sample No Rocks type Mineral paragenesis Texture
M2 Epidote-chlorite-albite schist ep+chl+ab+cal + opq Lepidoporphyroblastic
M3 Epidote-chlorite schist ep+chl+cal+ab+ser++ op Granoblasticlepidoblastic
M4 Albite-chlorite schist gtz+chl+ab+cal+ser + op Lepidogranoblastic
M5 Chlorite schist qgtz+chl+ep £ hem * op Lepidoblastic
M6 Albite-epidote-chlorite schist qgtz+cal+chl+ab+ep + op Lepidogranoblastic
M7A, B Muscovite-quartz schist mus+qtz+kfs+chl + op Lepidogranoblastic
M11 Chlorite schist chl+qtz+kfs + op Lepidoblastic
M13 Epidote-chlorite schist ep+czo+pl+chl+kfs £ mag + ap Lepidogranoblastic
M17 Epidote-chlorite schist ep+czo+pl+chl+kfs £ mag + ap Lepidogranoblastic
M24 Amphibole-chlorite schist act+hbl+kfs+cal+ser + opq Lepidogranoblastic
M30 Chlorite schist chl+kfs+pl+or+ep+cal+mag+hem + ap Lepidoblastic
MT2 Chlorite schist chl+ab+ser+cal+ep + op Lepidoblastic
MT3 Epidote-calcite-chlorite schist ep+chl+cal+ser+alb + op Granolepidoblastic
M7D Muscovite-chlorite schist ms+chl+cal+ab+ser + op Lepidoporphyroblastic
M10B Muscovite-quartz-chlorite schist ms+chl+kfs+ab+ser+cal+kfs + op Lepidogranoporphyroblastic
M15 Muscovite-chlorite schist ms+chl+kfs+ab+ser + op Lepidoporphyroblastic
M32 Metabasite pl+am (act+hbl)+ser+mag Granoblastic
M1 Phyllite ser+qtz+chl+cal+ep £ am + hem + op Lepidoblastic
M18 Calc schist cal + op Granoblastic
M19 Calc schist cal £ op Granoblastic
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contents of selected YMR samples (n=6) are presented
in Table 1. The results of a detailed mineralogical—pet-
rographical investigation of 24 samples are presented in
Table 2.

4.1.1 Greenschist rocks

Chlorite schist

The chlorite schists are fine grained rocks with clearly vis-
ible foliation and often cut by veins of quartz, calcite and
epidote. They consist of epidote—chlorite-albite schists,
epidote—clinozoisite—chlorite  schists, albite—epidote—
chlorite schists, albite—chlorite schists, epidote—sericite—
chlorite schists and quartz—albite—calcite—chlorite schists.
In the chlorite schists, the most common mineral assem-
blage is chlorite+albite+epidote+quartz £ clinozoisite
actinolite £ opaque minerals (Table 2). The textures are
porphyroblastic, lepidoblastic, lepidogranoblastic and
-porphyroblastic. Phenocrysts or clasts of albite and ag-
gregates of quartz (recrystallised clasts) are set in a fine-
grained matrix of chlorite and minor quartz. Albite is

261

generally altered and locally present as relict phenocrysts
from the parent rock (Fig. 2a).

Generally, plagioclases are altered and made up of al-
bite (Ang17_150 ADgg 699,60 Oloos-030) (Table 3). Some
relict phenocrysts of plagioclase contain iron oxides. All
plagioclases show albite twinning and/or oscillatory zon-
ing. The compositions of the plagioclases (An <7) and
their association with chlorite is typical of greenschist fa-
cies rocks. Fine-grained quartz, which makes up part of
the matrix, occurs as flattened and granulated grains, sug-
gesting shearing. The accompanying chlorite-rich layers
are contorted, also suggesting shear deformation. Chlorite
occurs in layers which define the rock fabric and general-
ly forms tiny grains. The strongly pleochroic green chlo-
rite-rich layers are deformed and wrapped around feldspar
phenocrysts.

The total FeO contents of chlorites are between 13
and 26 wt%, and the MgO contents range between 14
and 23 wt% (Table 4). Epidote occurs as fine- and coarse-
grained aggregates, some of which appear to have crys-
tallised at the expense of actinolite. Clinozoisite with
anomalous blue interference colours forms a replace-

Table 3. Representative microprobe analyses of plagioclase from the YMR.

Mineral Plagioclase
Sample No. M2a M2b M2c M10Ba M10Bb M7Aa M7Ab M7Ac
Rock type Chlorite Chlorite Chlorite Muscovite- Muscovite- Chlorite Chlorite Chlorite
schist schist schist Chlorite schist  Chlorite schist schist schist schist
Sio, 68.74 68.38 68.17 68.00 68.06 67.99 67.88 68.09
TiO, 0.036 0.000 0.004 0.006 0.000 0.020 0.013 0.000
Al,O, 19.61 19.58 19.57 19.81 19.76 19.88 19.98 19.86
Cr,04 0.000 0.022 0.000 0.011 0.001 0.000 0.011 0.006
FeO 0.063 0.071 0.152 0.068 0.075 0.000 0.046 0.039
MgO 0.000 0.000 0.009 0.001 0.000 0.000 0.009 0.000
Ca0 0.036 0.083 0.051 0.148 0.153 0.131 0.318 0.340
BaO 0.008 0.000 0.000 0.015 0.007 0.000 0.027 0.015
Na,O 11.69 11.69 11.69 11.71 11.66 11.72 11.59 11.62
K,0 0.024 0.024 0.025 0.029 0.014 0.041 0.053 0.028
TOTAL 100.21 99.85 99.67 99.80 99.74 99.78 99.93 100.00
Si 2.9943 2.9908 2.9885 2.9787 2.9816 2.9773 2.9709 2.9769
Ti 0.0012 0.0000 0.0001 0.0002 0.0000 0.0007 0.0004 0.0000
Al 1.0070 1.0095 1.0110 1.0226 1.0206 1.0262 1.0306 1.0234
Fe 0.0023 0.0026 0.0056 0.0025 0.0027 0.0000 0.0017 0.0014
Mg 0.0000 0.0000 0.0006 0.0000 0.0000 0.0000 0.0006 0.0000
Ca 0.0017 0.0039 0.0024 0.0069 0.0072 0.0061 0.0149 0.0159
Ba 0.0001 0.0000 0.0000 0.0003 0.0001 0.0000 0.0005 0.0003
Na 0.9875 0.9917 0.9939 0.9945 0.9907 0.9951 0.9834 0.9849
K 0.0014 0.0013 0.0014 0.0016 0.0008 0.0023 0.0030 0.0015
Ab 99.69 99.48 99.62 99.15 99.20 99.16 99.21 98.26
An 0.17 0.39 0.24 0.69 0.72 0.61 1.49 1.59
Or 0.14 0.13 0.14 0.16 0.08 0.23 0.30 0.15

Calculations are based on 8 oxygen atoms
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Fig. 2. Thin section microphotographs showing textural features of the YMR. (a) Rotation of relict phenocrystal of plagioclase in chlorite
schist, (b) epidote and clinozoisite in chlorite schist, () muscovite and chlorite in lepidoblastic quartz micaschist, (d) amphibole and highly
altered K-feldspar in metabasic rock, (e) lepidoblastic texture in phyllite, (f) granoblastic calc-schist. (Ser: sericite, Cal: calcite, PI: plagio-
clase, Qtz: quartz, Kfs: K-feldspat, Mus: muscovite, Chl: chlorite, Ep: epidote, Czo: clinozoisite, Amp: amphibole).
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ment product of feldspar phenocrysts. The centres of
most clinozoisites are semi-isotropic and brown in col-
our, probably representing earlier Fe-stained clays within
the feldspars. Fine-grained magnetite and hematite are
disseminated through the matrix, and also occur in thin
layers parallel to the chlorite-rich layers. The amount of
sericite increases with the amount of epidote; on the con-
trary, it decreases with increasing amount of clinozoisite
(Fig. 2b). Rutile and apatite are accessory minerals.

8 g
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Fig. 3. Si versus-Al,, discrimination diagram for white mica.
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Fig. 4. Chemical classification (Leake et al. 1997) of amphiboles
from the YMR.

Muscovite-chlorite schist

The muscovite-chlorite schist has a lepidoblastic tex-
ture, and the typical mineral assemblage is muscovite+
quartz+chlorite + sericite (Table 2; Fig.2c). Muscovite
occurs in contorted stringers, and is associated with chlo-
rite. Muscovite has Xy, = 0.32-0.74 (Table 4). Although
most minerals in the muscovite-chlorite schists are usu-
ally fine grained (< 0.1 mm), some reach sizes of 0.5 mm.
The orientations of white mica and chlorite define the
schistosity. In the Si versus — Al diagram (Fig. 3), the
minerals plot close to the muscovite compositional field.

Metabasic rocks

Textures of the metabasics are granoblastic, nematoblas-
tic and nematogranoblastic (Table 2). Their mineral as-
semblage is albite (An <7)+chlorite+epidote+amphibole
* calcite + sericite £ magnetite. Some rotated plagioclase
porphyroblasts have pressure shadows of quartz and
chlorite. The anhedral to subhedral plagioclases are seri-
citised and altered. Pleochroic green amphibole also oc-
curs as part of the matrix, and is intergrown with feldspar
(Fig. 2d). Amphibole glomerocrysts are up to 2 mm long,
and a few small veins consisting of fine-grained needles
of actinolite and quartz cross cut the rock fabric. Some
of the amphiboles are relics from the original rocks, but
others are formed by alteration of pyroxene during green-
schist facies metamorphism. In the metabasics, the relict
amphibole phenocrysts vary from subhedral to anhedral.
Their Mg/(Mg+Fe?*) ratios range from 0.79 to 0.88 (Ta-
ble 4). According to the Si versus — Mg/(Mg+Fe?*) dis-
crimination diagram of Leake et al. (1997), the amphibole
compositions plot into the magnesio-hornblende and acti-
nolite fields (Fig. 4). The magnesio-hornblende is gener-
ally colourless or light green, and the actinolite occurs as
acicular crystals. A few very small grains of magnetite are
disseminated throughout the rock.

Sericite occurs as a very fine-grained alteration prod-
uct of plagioclase. Accessory minerals are magnetite and
rutile.

4.1.2. Phyllite and calc-schist

Greenish and bluish phyllite is altered and generally
contains a weak foliation. The main mineral assemblage
in the phyllite is sericite+chlorite+quartz + calcite + epi-
dote * albite £ opaque minerals. The rocks exhibit lepi-
doblastic textures (Table 2; Fig.2e). Very fine-grained
phyllite consists of sericite, fine-grained quartz, stringers
of fine-grained chlorite, calcite, clusters of epidote aggre-
gates and plagioclase. The sericites are very fine-grained
and oriented parallel to the schistosity. Fine-grained,
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Table 5. Major, trace and REE element composition of the YMR (major elements in wt%, trace elements and REE in ppm).
Chlorite schist

Sample M2 M3 M13 M8 M17  M17B M14 M7A M7B M7C m27 M20
SiO, 50.74 57.82 50.72 73.19 44.99 49.28 46.36 76.77 75.33 77.2 74.32 48.28
TiO, 0.87 1.06 0.43 0.35 0.17 0.53 0.27 0.23 0.25 0.24 0.4 0.5
AlL,O, 15.86 13.08 21.2 12.96 21.7 21.81 21.37 9.48 9.77 9.59 12.16 18.6
Fe,05* 9.62 12.66 7.51 3.17 6.3 7.83 6.82 2.05 2.26 24 331 10.72
MgO 3.83 4.62 2.33 2.28 5.43 2.4 497 0.86 1.03 1.04 1.22 6.64
Ca0 7.67 4.18 10.69 0.63 14.58 11.25 11.97 2.46 3 2.13 0.71 7.95
Na,O 4.99 2.68 2.97 5.67 1.33 3.02 2.2 4.41 4.49 4.35 5.68 2
K,0 0.13 0.42 0.52 0.09 bdl 0.51 0.17 0.45 0.36 0.36 0.67 0.34
MnO 0.17 0.28 0.12 0.05 0.14 0.13 0.13 0.08 0.1 0.08 0.04 0.15
P,Os 0.09 0.08 0.05 0.06 0.01 0.05 0.02 0.06 0.06 0.06 0.09 0.04
Cr,0, 0.002 0.001 bdl 0.006 0.01 0.001 0.009 bdl bdl bdl bdl 0.002
LOI 5.9 3 33 1.6 5.2 3.2 5.6 3.2 3.4 2.6 13 4.8
TOTAL 99.87 99.88 99.85 100.06 99.9 100.01 99.89 100.05 100.05 100.04 99.9 100.03
Ba 34.3 88.8 115.1 14.3 7.9 107.3 26 82.3 69.4 73.8 200.3 55.1
Co 24.2 26.8 18.2 17 22.3 18.3 225 2.1 2.2 bdl bdl 12
Cs bdl 0.2 0.1 12 0.1 0.2 0.1 0.3 0.2 10 15 43
Ni bdl bdl bdl 5.1 32 bdl 10 bdl bdl 2.3 3.7 316
Sc 37 49 27 bdl 33 27 35 10 10 0.2 0.3 0.2
Ga 15.9 155 16.2 10.6 15.3 17.2 155 7.5 7.8 7.8 10.8 14.4
Hf 1 11 0.5 1.9 bdl 0.5 bdl 2 2.4 2.3 2.7 bdl
Nb 0.8 0.5 dla 11 bdl 0.5 bdl 0.9 1 0.9 1 bdl
Rb 1.8 6.7 7.3 11 0.5 7 2 7.6 6.1 6 5 25
Sr 302 190 266 43 308 296 253 60 69 60 48 212
Ta 0.1 bdl bdl bdl bdl bdl bdl 0.1 0.1 0.1 0.1 bdl
Th 0.8 0.3 0.5 0.9 0.1 0.3 bdl 0.6 0.4 0.5 0.4 bdl
u 0.3 0.2 0.2 0.2 0.1 0.2 0.1 0.3 0.3 0.2 0.4 0.1
\% 401 368 281 42 146 334 196 10 9 9 29 329
w 0.4 0.7 0.3 0.5 0.4 0.4 0.3 0.3 0.2 0.4 0.1 bdl
Zr 30.1 23.4 14.1 50.7 6.3 14.4 5.6 63.1 69.5 65.3 73 12.9
Y 16 24.3 9.5 24.9 47 9.3 5.7 29 331 33.2 37.9 9.3
La 4.6 2.2 2.6 2.1 4.6 2.9 1.6 4 4.5 4.2 4.8 11
Ce 10.2 43 4.9 5.2 2.5 5.1 2.3 10.9 12.1 11.6 10.8 2.2
Pr 1.32 0.7 0.67 0.75 0.35 0.69 0.34 1.78 1.95 1.86 1.73 0.36
Nd 6.7 4.5 3.8 3.8 1.8 35 1.7 9.2 9.8 10.3 10.4 2.4
Sm 1.9 2 1.2 1.3 0.5 11 0.6 3.2 35 34 3.6 0.8
Eu 0.62 0.69 0.39 0.43 0.21 0.41 0.23 0.78 0.9 0.88 0.93 0.31
Gd 241 2.9 1.31 2.25 0.67 1.33 0.76 3.75 4.1 4.06 457 1.26
Tb 0.45 0.64 0.25 0.54 0.13 0.26 0.14 0.77 0.81 0.83 0.96 0.27
Dy 2.65 3.89 1.56 3.55 0.76 1.67 0.9 4.9 5.1 4.99 5.75 1.57
Ho 0.53 0.82 0.31 0.8 0.15 0.33 0.17 0.95 1.01 1.05 1.2 0.33
Er 1.74 2.71 1.01 2.96 0.49 1.06 0.61 2.99 3.57 3.6 3.93 1.14
Tm 0.27 0.38 0.17 0.46 0.08 0.17 0.1 0.49 0.59 0.62 0.62 0.2
Yb 1.7 2.84 1.05 2.97 0.45 1.06 0.58 3.29 3.81 4.12 4.23 1.17
Lu 0.27 0.41 0.18 0.51 0.08 0.17 0.09 0.48 0.57 0.6 0.65 0.17
(La/Lu)cy 1.83 0.57 1.55 0.44 6.16 1.83 1.91 0.89 0.85 0.75 0.79 0.69
Eu/Eu* 0.88 0.87 1.50 0.76 1.14 1.04 1.04 0.69 0.73 0.72 0.70 0.94
Mg# 28.48 26.74 23.68 41.83 46.29 23.46 42.15 29.55 31.31 30.23 26.93 38.25

pleochroic green chlorites form a series of parallel lay-
ers, some of which wrap around aggregates of epidote,
calcite and quartz. Together with sericite, chlorite defines
the weak schistosity. The chlorite-rich layers contain fine-
grained epidote and calcite. The quartz grains are some-
what flattened and, together with the narrow chlorite lay-
ers, define the rock fabric. Some calcites are twisted and
extend parallel to the schistosity. Fine-grained calcites are

disseminated throughout the quartz-rich matrix, and small
domains of quartz, epidote and calcite form boudins sur-
rounded by chlorite-rich layers. Small grains of hematite
are found in the interstices of calcite.

The main minerals of the laminar and schistose calc-
schists are calcite and dolomite. Light yellow and grey
coloured calc-schists have granoblastic textures (Table 2;
Fig. 2f) and are cut by quartz and calcite veins.
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Table 5. Continued

Chlorite schist

Sample M21  M20B  M23 M4  M24A M1l M24B M9B  M30 MB30A M6  M6B
Sio, 4522 6027  49.85  49.4 7141 7196 6464 7116  47.85 4921 586  63.49
TiO, 0.44 05 045 08 025 037 061 052 051 071 058 042
Al,O, 1412 1514 1751 1537 968 1334 147 1411 1789 1696  15.28 15
Fe,04* 98 708 949 1221  3.39 45 494 303 1043 1239 724 593
MgO 4.24 33 737 516 437 1.68 37 263 822 721 274 242
Cao 1034 638  7.69 59 364 028 163 042 271 265 568  3.96
Na,O 5.08 131 234 35 466 614 316 578 317 449 351 384
K,O 0.67 1.97 04 015 065 005 341 031 226 057 075 088
MnO 011 012 015 03 02 005 013 004 019 02 024 012
P,0; 001 008 005 005 005 006 023 005 003 004 009 007
Cr,0, 0.006 0002 0008  0.003 bl bl bdl 0002 0002  0.001 bl bl
LOI 9.9 3.7 4.6 7 1.6 15 2.7 2 6.8 5.6 53 3.9
TOTAL 99.94  99.85  99.92 99.91 999  99.94  99.85 100.06 100.06 100.04 100.01  100.04
Ba 10.7 1987 382 234 1243 161 5067 618 122 357 1113 1737
Co 12 6 18 bl bl bl bl bl 10 bl 7 bl
Cs 33 28 39 47 10 14 15 24 38 43 29 23
Ni 264 149 301 365 6.5 48 5 72 293 323 15.2 13.5
Sc 05 1.2 0.2 0.1 0.4 bl 3.1 0.1 1 03 0.3 03
Ga 8.9 13.9 14 167 5.9 12 14.9 10.9 152 17.7 15 13.1
Hf bl 13 0.6 bl 2.1 2 32 2.1 0.5 07 1.2 17
Nb bl 0.9 bl bl 1.4 1.1 35 0.9 bl bl 0.8 0.9
Rb 11.8 19.8 4.4 2 7.9 bdl 4658 36 17.3 4 11.3 12.2
Sr 29 447 86 117 81 35 188 33 41 56 103 151
Ta bl 0.1 bl bl 0.1 0.1 0.2 0.1 bl bl bl 0.1
Th bdl 0.7 0.1 0.1 16 05 5.1 03 0.1 0.1 0.5 1.1
U 0.1 0.3 0.2 0.1 0.6 0.2 12 0.2 bl 0.1 03 0.4
v 326 190 296 441 29 49 42 20 289 394 159 129
W 1.9 0.1 07 0.2 0.2 0.2 0.6 0.9 0.4 0.4 0.3 0.3
zr 102 369 14.7 11 68.1 489 97 586 13.6 19 341 459
Y 8.6 18.6 9.9 15.2 16.9 183 245 379 14.4 14 221 19.2
La 05 4.9 1.9 1.3 6.6 19 214 2.9 1 1.2 3.9 45
Ce 1 9.6 43 18 138 33 418 7.7 2.7 2.4 8.3 10.2
Pr 0.22 133 064 039 176 062 491 131 048 045 131 15
Nd 14 73 33 2.6 8.9 34 22 8.2 32 2.7 5.8 7.8
Sm 05 2.1 11 1.1 26 1.2 48 3.1 15 11 23 23
Eu 0.18 06 037 052 042 03 128 075 054 044 0.7 0.6
Gd 101 244 138 1.79 2.7 16 429 427 1.98 167 286 24
Th 0.2 05 026 038 05 04 076 096 043  0.36 06 051
Dy 143 321 157 242 2.68 28 397 6 3 219 355 308
Ho 029 057 032 05 049 061 074 122 055 047 071 062
Er 094 197 1.07 1.72 163 223 249 412 1.75 155 242 212
m 015 028 017 024 027 035 039 065 028 025 035 032
Yb 089 205 1.1 165 154 258 266 424 18 159 249 221
Lu 014 032 019 024 025 041 04 063 025 024 038 036
(La/Lu)ey 0.38 1.64 17 058 283 050 573 049 043 054 110 1.34
Eu/Eu* 077 081 092 113 048 066 086 063 09 099 083 078
Mg# 3020 3179 4371 2971 5631 2718  42.82 4647 4408 3679 2745  28.98

4.2. Geochemistry

Thirty-three representative samples of the YMR, includ-
ing 27 chlorite schists, 2 muscovite-chlorite schists, 2 calc-
schists, 1 metabasite and 1 phyllite have been analysed
for their whole-rock major element, trace element, and
REE contents (Table 5). The analytical data are plotted
in diagrams used to infer the nature of the protoliths. The

Si0,, Al,O3, Fe,05, MgO, CaO and Na,O contents are
highly variable. The chlorite schists contain 45-79 wt%
Si0,, 8.73-21.81 wt% Al,04,0.76-8.22 wt% MgO, 1.72—
12.66 wt% Fe,0;, 0.28-14.58 wt% CaO, 1.31-6.20 wt%
Na,O and 0.05-3.41wt% K,O.This variability results
from the diverse composition of the original rocks.
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Table 5. Continued

Cholorite schist Muscovite-schist Phyllite  Metabasite Calc schist
chlorite schist
Sample MT1 MT2 MT3 M15 M10B M1 M32 M18 M19
Sio, 48.85 49.24 51.41 79.36 70.96 67.78 56.3 1.42 0.85
TiO, 0.72 0.52 0.93 0.22 0.31 0.86 0.43 0.01 0.02
Al,O,4 19.33 18.81 16.72 8.73 13.99 11.76 14.05 0.35 0.28
Fe,05* 10.97 9.3 12.43 1.72 3.27 7.02 7.44 0.18 0.24
MgO 3.12 4.76 6.04 0.76 1.13 2.45 7.13 0.67 231
CaO 11.84 4.05 3.72 2.09 1.84 2.16 6.6 54.59 52.83
Na,O 1.86 6.2 4.65 3.98 4.95 4.73 5.46 0.04 0.01
K,0 0.1 0.8 0.06 0.45 0.93 0.06 0.47 0.05 0.09
MnO 0.16 0.17 0.16 0.07 0.06 0.1 0.14 0.01 0.02
P,O5 0.11 0.07 0.07 0.05 0.06 0.1 0.04 0.02 bdl
Cr,04 0.001 bdl bdl bdl bdl bdl 0.058 bdl 0.001
LOI 2.9 6.1 3.7 25 2.4 2.9 1.9 42.6 433
TOTAL  99.97 100.03 99.9 99.92 99.91 99.92 100.03 99.95 99.95
Ba 27.7 205.6 19.4 100.4 216.2 114 51.7 7.9 3.9
Co 20 24 18 1.7 bdl 8.5 62 bdl bdl
Cs 32 32 42 0.3 14 bdl 35 bdl bdl
Ni 27.4 26.1 30 bdl 4.4 bdl 30.8 bdl bdl
Sc 0.1 0.2 bdl 9 0.4 30 0.2 bdl 0.1
Ga 19.6 14.2 15.2 7.1 114 12.7 10.5 0.6 0.5
Hf 0.7 bdl 0.6 1.6 1.7 15 1 bdl bdl
Nb 0.6 0.5 bdl 0.8 1 0.7 0.8 bdl bdl
Rb 1.3 134 bdl 7.6 134 0.7 5.4 1.2 0.9
Sr 915 59 161 59 59 33 183 223 254
Ta bdl bdl bdl bdl 0.1 0.1 bdl bdl
Th 1 0.5 bdl 0.4 1.2 0.2 0.4 0.2 0.1
U 0.3 0.2 0.1 0.2 0.4 0.2 0.2 1.3 1.6
\% 379 268 374 12 57 32 195 9 19
w 0.4 0.2 1.4 0.2 0.4 0.6 0.2 bdl 0.1
Zr 19.1 17.1 14.8 55.9 49.9 36.2 323 2.1 2.7
Y 13.6 11.1 16.7 29.1 18.1 29 154 2.1 0.9
La 53 2.9 0.7 42 6.6 4 2 2 1.7
Ce 10.9 6.4 1.9 114 13.5 5.6 45 11 1.4
Pr 1.49 0.92 0.4 1.78 1.77 1.01 0.66 0.22 0.16
Nd 7.2 4.7 2.7 9.6 8.2 5.6 3.7 1 0.5
Sm 1.9 1.3 1.3 31 2.2 25 1.2 0.3 0.2
Eu 0.67 0.35 0.53 0.79 0.6 0.88 0.43 bdl bdl
Gd 2.09 1.55 2.02 3.86 2.39 3.54 1.88 0.29 0.15
Th 0.39 0.31 0.44 0.77 0.49 0.73 0.41 0.04 0.02
Dy 2.25 1.92 281 4.89 2.87 4.68 2.44 0.23 0.13
Ho 0.44 0.36 0.58 0.98 0.57 0.95 0.57 bdl bdl
Er 1.46 1.2 1.97 2.96 1.96 3.24 177 0.14 0.08
Tm 0.22 0.18 0.29 0.48 0.32 0.48 0.26 bdl bdl
Yb 1.43 1.21 1.98 3.21 2.17 3.24 1.56 0.07 bdl
Lu 0.2 0.18 0.29 0.47 0.34 0.48 0.26 0.02 0.01
(La/Lu)cy  3.00 1.73 0.26 0.96 2.08 0.89 0.82 10.38 17.65
Eu/Eu* 1.03 0.75 1.00 0.69 0.80 0.90 0.87 - -
Mg# 22.14 33.85 32.70 30.65 25.68 25.87 48.94 78.82 90.59

Fe,O5* is total iron, LOI: loss on ignition, Mg# = 100x MgO/(MgO+Fe?03), (La/Lu)cy = (La/Lacy)/(Lu/Lucy),
Eu/Eu*= (Eu/EuCN)/\/(Sm/SmCN)*(Gd/GdCN) , Chondrite (CN) values from Sun & McDonoucH 1989, bdl: below detection limit.

Except calc-schists and phyllites, the protoliths of the
YMR were mostly magmatic in origin, as can bee seen
from the Al-S—F triangular diagram (Fig.5). In the Zr/
TiO, versus — Nb/Y diagram, the greenschist rocks fall
into the andesite, andesite/basalt, and subalkaline basalt

fields (Fig.6a). In the La versus -Yb diagram, (Fig. 6b)
most chlorite schists, metabasic rocks and the phyllite
sample plot in the tholeiitic field, a few in the transitional
field. Harker variation diagrams indicate the trends for the
major and trace elements: CaO, Fe,03, MgO, Al,O; TiO,,
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Fig. 5. Al-S-F triangular diagram (Avan 1973).

Sr and Ni decrease with increasing SiO, content, where-
as Na,0O, Y, Zr, P,Os, Th and Nb increase; K,O and Rb
show irregular variations (Fig. 7). These element trends
might reflect the variability of the protolith composition.
Decrease in CaO, Fe,0; and Al,O; concentrations may
indicate the importance of plagioclase and pyroxene frac-
tionation in the original unmetamorphosed rocks. Na and
K are highly mobile elements in greenschists, and their
concentrations might have been modified during meta-
morphism. In the Hf/3-Th-Nb/16 ternary diagram, the
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greenschist rock samples of the YMR plot in the field of
volcanic-arc basalt (Fig. 8) revealing that they could have
been generated above an active subduction zone.

In Fig. 9a, the trace element contens of the YMR are
normalized to N-type mid-ocean ridge basalt (N-MORB).
The large-ion lithophile elements (LILES), Rb, Ba, Th
and K, are generally enriched; conversely, the high field
strength elements (HFSEs), Ta, Nb, Zr and Ti, are deplet-
ed. The concentrations of other trace elements, such as
Sr, Ta, Ce, Hf, Sm, Y and Yb, are similar to MORB. The
enrichment of Th, K and Rb is attributed to the contri-
bution of crustal material, and the negative Nb anomaly
emphasises their formation in a subduction zone environ-
ment. Chondrite-normalised REE concentrations of the
YMR are given in Fig.9b. The YMR have (La/Lu)cy =
0.26-6.16, and (EU/Eu”)cy = 0.48-1.13. Eu anomalies
are chiefly controlled by plagioclase fractionation. The
REE patterns of the chlorite schists, metabasites and the
phyllite sample are approximately parallel to each other.

4.3. Ar-Ar dating

Metabasic rocks of the YMR contain relict plagioclase
minerals suitable for “°Ar-3°Ar dating. Measured isotopic
ratios and calculated ages of the two plagioclase seper-
ates from sample M32 are given in Table 6 and the age
spectrum, Ca/K spectrum and inverse isochron diagram is
shown in Fig. 10. These plagioclase yielded plateau ages
of 100.8 £ 3.4 Ma (Albian) and 94.1 £ 3.3 (Cenomanian).
On the inverse isochron plots, data points form linear
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Fig. 6. (a) Zr/TiO, versus-Nb/Y diagram (WincHesTER & FLovyp 1977) and (b) La (ppm) vs. Yb (ppm) classification diagram for YMR

samples (Ross & BEparp 2009).
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basalt, E-MORB: E-type mid-ocean ridge basalt, VAB: volcanic-
arc basalt, WPAB: within plate alkaline basalt, WPT: within plate
tholeiite.

trends giving ages of 96.1+4.6 Ma (Cenomanian) and
88.8 +4.4 Ma (Coniacian), respectively.

Besides, “°Ar-**Ar dating on plagioclase from the
Kizlarkalesi granodiorite, which cuts the YMR, yielded
a plateau age of 60.7 +4.9 Ma (Selandian) (AsLaN et al.
2011).

5. Discussion

5.1. Pressure and temperature conditions during
metamorphism

Mineral assemblages in the greenschist rocks of the YMR
are shown in an ACF diagram (Fig. 11). The studied rocks
mostly fall in the chlorite zone of mafic source rocks (Best
1982). The Kizlarkalesi granodiorite body emplaced after
metamorphism, and caused contact metamorphism in the
schists evident by new growth of epidote and garnet.

The mafic rocks of the YMR contain the mineral as-
semblage albite-chlorite-epidote-calcite which is char-
acteristic for low-grade greenschist facies conditions.
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Fig. 9. (a) N-type MORB (Sun & McDonoucH 1989) normalized trace element diagram and (b) chondrite normalized (Sun & McDoNouGH

1989) REE diagram of the YMR.
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Table 6. “°Ar-*°Ar analytical data for plagioclase from metabasic rocks of the YMR.

Sample: M32; (plagioclase-1) J=0.003465+0.000031
T°C “Arcc(STP) “Ar/FAr +1c BArPAr +1c  YAr/PAr +1lc  BANPAr +1lc CaK Y®Ar Age +1lo
(%) (Ma)
500 9.75*10°° 19.76 0.04 0.0095 0.0017 0.4649 0.0122 0.0225 0.0020 17 255 80.24 3.68
650 15.16*107°° 19.90 0.04 0.0205 0.0021 0.5680 0.0050 0.0151 0.0018 2.0 64.9 9397 3.33
800 8.96*10°° 28.03 0.19 0.0398 0.0055 5.3506 0.0414 0.0415 0.0067 19.3 814 9595 11.76
1000 8.74*10°° 34.43 0.26 0.0498 0.0125 23.3994 0.1760 0.0727 0.0074 84.2 946 79.18 13.16
1150 6.54*10°° 62.23 0.95 0.0840 0.0139 27.2246 0.4224 0.1664 0.0155 98.0 100.0 79.92 27.12
Sample: M32, (plagioclase-2) J=0.003438+0.000031
T°C “Arcc(STP) “Ar/PAr 1o BArPAr 1o FAr/PAr +loc  SArPAr tlc CaK Y®Ar Age +lo
(%) (Ma)
500 11.62*10°° 23.893 0.038 0.0282 0.0021 0.525 0.028 0.0307 0.0016 189 218 896 29
650 20.78*10°° 22.028 0.042 0.0183 0.0016 0.617 0.014 0.0164 0.0019 222 641 1035 34
800 9.13*10°° 27.741 0.141  0.0222 0.0037 6.460  0.046 0.0454 0.0051 2326 788 867 89
1150 18.74*10°° 39.687 0.145 0.0452 0.0026 20.648 0.083 0.0792 0.0036 74.33 1000 984 64

Fig. 12 shows the changes of the mineral paragenesis in
the metabasic rocks of the YMR for different temperature
and pressure conditions. The average temperature for the
greenschist rocks of the YMR was estimated at ~400 °C,
with pressures of 4-5 kbar (Gucer 2008). The conditions
of progressive regional metamorphism in the greenschist
rocks can be related to the plagioclase and amphibole
compositions (BucHer & Frey 2002). In our samples,
plagioclase from the chlorite schists has albitic composi-
tion (Ang17_1.50 ADgg 269,60 OFo.05-0.30), 8 would be ex-
pected in greenschist facies rocks. Actinolitic amphibole
was formed as a result of pyroxene alteration. Actinolite
is typical of low grade metamorphism and changes with
increasing metamorphic grade into hornblende (BucHer
& Frey 2002). Actinolitic amphibole of the studied rocks
yields pressures of 0.2—0.6 (+ 0.6) kbar (ScHmipT 1992)
or 0.4-0.9 (£ 1) kbar (HoLLisTeR et al. 1987).

Chlorite is a typical product of low-grade metamor-
phism in rocks of basic composition (PoTeL 2007). In the
chlorite schists, the chlorites are commonly found in as-
sociation with epidote, albite, quartz and sericite. Chlo-
rites from the metabasic rocks plot in the ripidolite—picno-
chlorite field (Fig. 13a) which argues for a volcanic origin
(ZANE et al. 1998). In the (AI''+2Ti+Cr) versus Al"v dia-
gram, chlorites from the metabasic rocks plot in the lower
part, within a rectangular field (Fig. 13b), again support-
ing the idea that their composition relates to the metabasic
character of the parental rock. In addition, chlorites of the
metabasic rocks fall in the Type I field in the Al-Fe-Mg
triangular diagram (Fig.13c). Their Mg-rich composi-
tione provides corroborating evidence for a volcanic ori-
gin (ZaNe & WEeiss 1998, BaiLey 1980).

Chlorites are well-suited to determine the thermobaro-
metric conditions during low-grade metamorphism. Chlo-
rite thermometry based on the methods of CATHELINEAU &
Nieva (1985) and CatHELINEAU (1988) and JoweTT (1991)
yields temperatures between 320—347 °C. Pressures are
calculated at about 4 kbars, indicating a burial depth of
approximately 15 km.

5.2. Potential protoliths and geodynamic
implications

Low-grade metamorphic rocks can form in different geo-
logical settings, including subduction zones, continental
orogens, volcanic arcs and ocean ridges (FRey & RoBIN-
soN 1999). From Late Cretaceous to Upper Paleogene the
Eastern Pontides constituted a complex tectonic regime
(OkaAy & SAHINTURK 1997). The Neo-Tethys was already
subducting under the Pontides in the Early Cretaceous
(ca. 105 Ma, Okay et al. 2006). The magmatic arc started
to develop in the Late Cretaceous as a result of the oce-
anic subduction along the zmir-Ankara-Erzincan suture
zone (Turonian, ca. 90 Ma, OkAY & SAHINTURK 1997,
Okav 2008). Late Cretaceous volcanic rocks, best ex-
posed in the Eastern Pontides, consist of a sequence of
submarine lavas and pyroclastic rocks with intercalated
sediments (Okay 2008). The geochemical composition of
the greenschist rocks resembles calc-alkaline arc volcan-
ics. LILEs-HFSEs and concentrations of other trace ele-
ments, such as Sr, Ta, Ce, Hf, Sm, Y and Yb are similar
to MORB, whereas the negative Ta and Nb anomaly em-
phasises the influence of a subduction zone. Enrichment
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in LILEs (e.g. Sr, K,O, Rb, and Ba), and Th may indicate
that the parental magmas were derived from a lithospheric
mantle source (PEARcE & PeaTe 1995, ELBURG et al. 2002,
ZeLLMeR et al. 2005). The depletion of Nb and Ta relative
to LILEs in the studied rocks is a feature of arc magmas
imposed by fluids derived from the subducted slab or
sediments (WakesworTH et al. 1997, ELBuRrG et al. 2002).

The Ar-Ar plagioclase ages from the two metaba-
sic rocks (100.8+£3.4, 94.1+3.3 Ma are in line with the
95-90 Ma old blueschist rocks exposed along the izmir-
Ankara-Erzincan and Amassia-Stepanavan suture zones

(Caucasus) confirming the subduction of oceanic crust
during the Late Cretaceous (RoLranD et al. 2009, OBer-
HANsLI et al. 2011).

The Refahiye ophiolite tectonically overlies the stud-
ied YMR. It is one of the best exposures of oceanic litho-
sphere and related to subduction of the Neo-Tethys. The
ophiolite was emplaced by north-directed backthrusting
onto the Pontides in the Late Cretaceous (SARIFAKIOGLU
et al. 2009). Closure of the Neo-Tethyan ocean caused a
collision between the Pontide arc and the Tauride-Ana-
tolide platform. This collision started along the izmir-
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Fig.11. ACF diagram showing the metamorphic mineral as-
semblages of the greenschist rocks from the YMR (Best 1982).
A = AlLOs+Fe,05+-(Na,0+K,0); C Ca0-3,3 P,Os5; F =
FeO+MgO+MnO.

Ankara-Erzincan suture zone about 65 Ma ago (Okay &
SAHINTURK 1997). During the Late Cretaceous effusive
volcanism was accompanied by the emplacement of
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large calc-alkaline plutons (e.g., AsLan 2005). The calc-
alkaline Kizlarkalesi granodiorite (Gucer 2008) formed
during the collision period and emplaced into the YMR
around 60.7 £4.9 Ma (Selandian — Late Paleocene).

The YMR were originally composed of volcano-
sedimentary rocks. These rocks consisting of basalts/
andesites, claystones and argillaceous limestone were
subjected to low-grade greenschist metamorphism dur-
ing subducting of the Neo-Tethys below the Pontides.
The YMR were metamorphosed around 90-70 Ma (Late
Cretaceous) prior to the emplacement of the Kizlarkalesi
granodiorite body. At the same time greenschist facies
rocks were formed along to izmir-Ankara-Erzincan su-
ture zone and the Caucasus (RoLLanD et al. 2009, OBer-
HANsLI et al. 2011).

6. Conclusions

Geochemical characteristics of the YMR, such as negative
Nb anomalies, indicate volcanic-arc affinities. The rocks
are enriched in Th, K and Rb, pointing to the involvement
of crustal material. The protoliths of the YMR developed
in a volcanic-arc setting, where basic volcanic rocks, their
pyroclastic equivalents and other sedimentary rocks such
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Fig. 12. Pressure-temperature plot showing metamorphic mineral assemblages of basic rocks represented by ACF diagrams (BucHER &

Frey 2002). Grey-shaded triangle shows mineral assemblage in YMR.
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as claystone and limestone were formed. Regional meta-
morphism of the YMR occurred during late Cretaceous
subduction of the Neo-Tethys under the Pontide belt. The
YMR were metamorphosed under greenschist facies con-
ditions between 90-70 Ma at ~320-350 °C and 4 kbars.
Following this metamorphism, the rocks were obducted
onto older continental crust of the Eastern Pontides. The
YMR are cut by a granitic body which has imposed con-
tact metamorphism which postdates regional metamor-
phism of the YMR by ca. 20 Ma.
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