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a  b  s  t  r  a  c  t

In  northwest  Turkey,  high-pressure  metamorphic  rocks  occur  as exotic  blocks  within  the  Ç etmi  mélange
located  on  the south  of the  Biga  Peninsula.  Rutile  chemistry  and  rutile  thermometry  obtained  from
the  eclogite  and  associated  garnet-mica  schist in the  Ç etmi  mélange  indicate  significant  trace element
behaviour  of  subducted  oceanic  crust  and  source-rock  lithology  of  detrital  rutiles.  Cr  and  Nb  contents  in
detrital rutile  from  garnet-mica  schist  vary  from  355  to  1026  �g/g and  323  and  3319  �g/g, respectively.
According  to  the  Cr-Nb  discrimination  diagram,  the  results  show  that 85% of the  detrital  rutiles  derived
from  metapelitic  and  15%  from  metamafic  rocks.  Temperatures  calculated  for detrital  rutiles  and  rutiles
in  eclogite  range  from  540 ◦C to 624 ◦C  with  an  average  of  586 ◦C and  611 ◦C  to  659 ◦C  with  an  average
of  630 ◦C at  P  =  2.3  GPa,  respectively.  The  calculated  formation  temperatures  suggest  that  detrital  rutiles
are  derived  from  amphibolite-  and  eclogite-facies  metamorphic  rocks.  Amphibolite-facies  rocks  of the
Kazdağ  Massif  could be the  primary  source  rocks  for  the rutiles  in  the  garnet-mica  schist  from  the  Ç etmi

mélange.  Nb/Ta  ratios  of  metapelitic  and  metamafic  rutiles  fall between  7–24  and  11–25,  respectively.
Nb/Ta  characteristics  in  detrital  rutiles  may  reflect  a  change  in  source-rock  lithology.  However,  Nb/Ta
ratios  of rutiles  in eclogite  vary  from  9 to 22. The  rutile  grains  from  eclogites  are  dominated  by  subchon-
dritic  Nb/Ta  ratios.  It  can  be noted  that subchondritic  Nb/Ta  may  record  rutile growth  from  local  sinks  of

morp
aqueous  fluids  from  meta

. Introduction

Rutile is a robust accessory mineral that has attracted con-
iderable attention in the last decade as a petrogenetic indicator
e.g., Zack et al., 2004; Triebold et al., 2007; Luvizotto et al., 2009;

einhold, 2010). The widespread occurrence of rutile in a large
ange of lithologies (Force, 1980) and its high physical and chem-
cal stability during erosion, weathering, transport and diagenesis

ake rutile one of the most stable heavy minerals (e.g., Morton
nd Hallsworth, 1999). Trace element composition of rutile has
een recently used as a tool for provenance studies (Zack et al.,
004; Stendal et al., 2006; Triebold et al., 2007; Meinhold et al.,
008; Morton and Chenery, 2009; Okay et al., 2011; Liu et al.,
014). Rutile potentially provides significant information about

ource-rock lithology and metamorphic grade in high-pressure
etasedimentary rocks (Zack et al., 2002; 2004; Meinhold et al.,

008; Morton and Chenery, 2009). Rutiles can be separated into

∗ Corresponding author.
E-mail address: firatsengun@comu.edu.tr (F. Ş engün).
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metapelitic and metamafic origin in provenance studies based on
the Cr-Nb discrimination diagram.

Rutile is a major titanium-bearing phase that carries the high
field strength elements (HFSE) and dominates the Nb, Ta and Ti
budgets of high-pressure metamorphic rocks in subduction zone
systems (Brenan et al., 1994; Green, 1995; Foley at al., 2000;
Rudnick et al., 2000; Ding et al., 2013). Nb/Ta ratios of rutile have
been used as tracer of geochemical processes of the crust-mantle
differentiation through subduction zone metamorphism, magma
evolution and element cycling (e.g., Saunders et al., 1980; Münker,
1998; Klemme  et al., 2005; Schmidt et al., 2008; Ding et al., 2009),
as all the known mantle and crustal reservoirs have primarily sub-
chondritic Nb/Ta and Zr/Hf ratios (e.g., Green, 1995; Foley et al.,
2000; Rudnick et al., 2000; Zack et al., 2002; Ding et al., 2009). Rutile
has become an important tool for evaluating metamorphic temper-
atures, especially in eclogite- and granulite-facies rocks (e.g., Zack
et al., 2002; Spear et al., 2006; Luvizotto et al., 2009; Ewing et al.,
2013; Gao et al., 2014; Liu et al., 2014) with the calibration of Zr-in-

rutile thermometers (Zack et al., 2004; Watson et al., 2006; Tomkins
et al., 2007).
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ig. 1. Simplified tectonic map of the Eastern Mediterranean region indicating the 

kay  et al., 2006).

In this study, the geochemical parameters of rutile in HP rocks
rom the Biga Peninsula have been investigated. This study focuses
n the trace element composition of rutiles and Zr-in-rutile ther-
ometry of eclogites and associated garnet-mica schist from the

iga Peninsula in the northwest of Turkey (Fig. 1). The purpose of
his study is to provide first insights into the source-rock lithol-
gy of detrital rutiles in HP metasedimentary rocks in the Ç etmi
élange and trace element behaviour of subducted oceanic crust,

ince the source-rock lithology of detrital rutiles is missing in NW
urkey and it is crucial for paleogeographic construction of NW
urkey. Trace element geochemistry was used to distinguish rutile
erived from metapelitic and metamafic rocks by using Nb-Cr dis-
rimination diagram. Zr-in-rutile geothermometry was applied to
alculate metamorphic temperatures.

. Geologic framework

The Biga Peninsula forms the northwest extremity of Turkey.
t is bordered to the north by the Strandja Massif and the Thrace
asin, and the Aegean Sea marks the western and southern bor-
ers (Fig. 1). The Biga Peninsula in NW Turkey is dominated by the
idespread occurrences of Tertiary plutonic and associated vol-

anic rocks. This magmatism is post-collisional with respect to the
ontinental amalgamation along the İzmir-Ankara suture zone, and
ies in a back-arc position with respect to the present-day sub-
uction front along the Crete. (e.g., Borsi et al., 1972; Okay and
atır, 2000b; Okay et al., 2001). Apart from these magmatic rocks,

he Biga Peninsula includes the following main rock associations:
1) amphibolite-facies basement rocks of the Kazdağ  Massif (Car-
oniferous; Okay and Satır, 2000b; Duru et al., 2004; Yaltırak and
kay, 2004; Cavazza et al., 2009; Ş engün and Zack, 2016a), and
 geotectonic units and the bounding sutures (modified from Meinhold et al., 2010;

greenschist-facies rocks of the Ç amlıca metamorphic unit (Late Cre-
taceous; Okay and Satır, 2000a; Ş engün et al., 2011), and Karabiga
metamorphic unit (Late Cretaceous; Beccaletto et al., 2007; Aygül
et al., 2012); (2) the Triassic-Early Jurassic units of the Karakaya
Complex exposed only in the eastern part of the Biga Peninsula
(Okay and Göncüoğlu, 2004); (3) the subduction-accretion Ç etmi
mélange (mid-Cretaceous; Okay et al., 1990; Beccaletto et al.,
2005); and (4) the Permo-Triassic Karadağ metamorphic unit that is
tectonically overlain by the Lower Cretaceous Denizgören ophiolite
(Okay et al., 1990; Beccaletto and Jenny, 2004). All of the units are
unconformably covered by the Tertiary sedimentary units (Fig. 2a).

Two exotic blocks of eclogite-garnet mica schist occur within
the Ç etmi mélange in the southern part of the Biga Peninsula
(Fig. 2b). These HP blocks are about 2–4 km long and less than
1 km wide. The Ç etmi mélange is mainly composed of spilitized
mafic volcanic rocks, blocks of Upper Triassic neritic and pelagic
limestones, greywacke-shale matrix, minor radiolarian chert and
serpentinite/listvenite slices (Beccaletto, 2004; Beccaletto et al.,
2005) and are unmetamorphosed. The Ç etmi melange is uncon-
formably overlain by various types of Neogene sedimentary and
volcanic rocks. Rb-Sr phengite ages from two eclogite samples
within the Ç etmi mélange yielded a mid-Cretaceous age of 100 Ma,
which is interpreted as a cooling age (Okay and Satır, 2000b). This
mid-Cretaceous age sets the upper time limit for deposition of the
protolith of the metasedimentary rocks.

3. Petrography
A total of 7 high-pressure rock samples were chosen for
rutile chemical analyses. Of these, four samples 1533 (35S
0463412N-4381876E), 1544 (35S 0461682N-4381659E), 1549 (35S
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ig. 2. (a) Generalized geological map  of the Biga Peninsula (modified from MTA, 2
¸  etmi mélange (modified from Tunç , 2008).

463457N-4387258E) and 1552 (35S 0463910N-4387808E) come
rom eclogites and three samples 1401 (35S 0462072N-4382365E),
504b (35S 0462948N/4388636E) and 1506 (35S 0463912N-
388545E) come from garnet-mica schist. Sample locations are
hown in Fig. 2b. The garnet-mica schist forms well foliated coarse-
rained, silvery grey homogenous rocks with eclogite horizons.
he foliation in the garnet-mica schist is parallel to the elongation
xis of eclogite slices. The garnet-mica schist is mainly composed

f garnet + quartz + phengite + paragonite (Fig. 3a). Rutile, titanite
nd zircon form the accessory minerals. The size of the garnets is
acroscopically ranging between 0.4 and 0.8 cm.  Euhedral garnet

orphyroblasts include quartz and phengite inclusions. Syntectonic
Inset map  shows location of the Biga Peninsula. (b) Detailed geological map of the

garnet porphyroblasts occur in garnet-mica schist (Fig. 3b). Detrital
rutile grains do not show the presence of inclusions (Fig. 3c) and
are 60–80 �m in diameter in their longest dimension and occur as
separate grains in the matrix. The morphology of rutile is typical
for detritic origin and grains are mostly dark brown, subrounded to
rounded and elongated with some pristine euhedral shapes. Several
grains are separated along the main cleavage direction and have a
stubby appearance. Some rutile grains have a thin ilmenite over-

growth and retrograde rim of titanite. Small zircons (<20 �m)  are
present either in garnet or the matrix.

The eclogites are coarse grained, greenish, massive and
banded rocks. The high-pressure assemblages in eclogite consist
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ig. 3. (a) Microphotograph of the high-pressure garnet-mica schist. (b) Syntecton
n  the garnet-mica schist. (d) BSE image of typical eclogite paragenesis with garnet
hin  ilmenite overgrowth. (f) BSE image of garnet porphyroblasts comprising glauc

f omphacite + garnet + epidote + glaucophane + quartz + phengite
Fig. 3d). Typical accessory minerals are rutile, zircon and titan-
te. Euhedral, relatively large (0.2–0.8 cm)  porphyroblasts of garnet,
re scattered through a fine-grained matrix, and contain inclusions
f mainly quartz, epidote, phengite, glaucophane, Ca-amphibole
nd rutile. Omphacite is fine grained and forms up to 2 mm  long

rystals in the matrix. Rutile grains occur in the matrix and as
nclusions in garnet (Fig. 3e, f). Sodic amphibole in eclogite is glau-
ophane in composition, and is typically fine-grained and aligned
ith omphacite in the matrix. Glaucophane crystals are rimmed
et porphyroblast in the garnet-mica schist. (c) BSE image of rutile grain occurring
hacite, glaucophane. (e) BSE image of rutile grain surrounded by titanite and with
e, epidote, quartz and rutile inclusions.

and partially replaced by Ca-amphibole. Glaucophane inclusions in
garnet also show that glaucophane was present as a matrix phase
in the eclogite stage. Rutile grains are mantled by titanite and thin
ilmenite overgrowth (Fig. 3e). Ca-amphibole and chlorite occur in
eclogite as secondary phases that are not in equilibrium with the
high-pressure phases. The eclogite shows a greenschist-facies over-

print with the replacement of garnet by chlorite, and titanite rims
around rutile. The occurrences of chlorite in the garnet-mica schist
also demonstrate the retrogradation at greenschist facies condi-
tions.
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. Analytical methods

.1. Sample preparation

Samples were prepared for trace element analysis as polished
hin sections of 50 �m.  Photomicrographs were taken to identify
he exact spots for laser ablation analysis and prepared for ori-
ntation using reflected light in the laser ablation sample cell.
ackscattered electron (BSE) images were obtained using a Hitachi
-3400N scanning electron microscope (SEM) at the University of
othenburg to identify inclusions in rutile and document the most
uitable spots for analysis. The operation conditions during the
SE imaging were maintained at 20 kV and 6.04 nA. Samples were
leaned by polishing with 1 �m alumina oxide powder to remove
ny carbon coating residual from SEM analysis. Then samples were
ut in an ultrasonic cleaning bath for 5 min  and dried with ethanol-
oaked tissue wiper to remove remaining surface contamination
rior to being loaded into the laser ablation sample chamber.

.2. LA-ICPMS analysis

The in-situ trace element analyses (Zr, Nb, Cr, Fe, Ta, Hf, V, W)
f rutile were performed on prepared thick sections at the Depart-
ent of Earth Sciences at the University of Gothenburg. All samples
ere analysed using New Wave NWR  213 laser ablation system

oupled to an Agilent 8800 triple quadropole ICP-MS. A He-Ar mix-
ure was used as carrier gas. Helium gas, which carries the laser
blated sample aerosol from the sample cell, is mixed with argon
arrier gas and nitrogen as additional di-atomic gas to enhance sen-
itivity, and finally flows into the ICPMS torch. Helium is flushed
hrough the ablation cup at ∼1 ml/min. The helium reduces sur-
ace deposition during ablation, which increases sensitivity and
lso reduces fractionation owing to particle size bias (Eggins et al.,
998).

Trace elements in rutile were analysed using laser beam with a
iameter of 30 �m at laser energy of ∼6.2 J/cm2 with a pulse rep-
tition rate of 10 Hz. Each twelve unknown spots were bracketed
y two analyses of the R10 rutile standard and two analyses of
IST SRM 610 glass standard. Signals were recorded over 60 s for
ach spot. The first 20 s were used to acquire background subtrac-
ion during laser warm-up. The following 30 s of dwell time were
sed for analysis of the sample by the ablation of rutile. The last
0 s were used for wash out. 51V, 53Cr, 57Fe, 178Hf, 181Ta, 182W,
32Th (10 ms  dwell time), 49Ti, 93Nb (5 ms  dwell time) and 90Zr,
38U (30 ms  dwell time) were analysed for trace element concen-
ration in rutile. Titanium measured as 49Ti was used as an internal
tandard element for all analyses. 90Zr was used to determine the
r concentration of rutile. The glass reference material NIST SRM
10 (Jochum and Nehring, 2006) and R10 (Luvizotto et al., 2009)
utile were used for external calibrations. The concentrations of
lements were determined using “GLITTER version 4.4.4” software
rogram (On-line interactive data reduction for LA-ICPMS micro-
robe (Van Achterbergh et al., 2000) on the basis of measurements
f the following isotopes (mean detection limits given in brack-
ts; 99% confidence interval): 49Ti (0.1238 �g/g), 51V (0.1528 �g/g),
3Cr (0.5432 �g/g), 57Fe (1.3184 �g/g), 90Zr (0.0038 �g/g), 93Nb
0.0077 �g/g), 178Hf (0.0053 �g/g), 181Ta (0.0039 �g/g), 182W
0.0195 �g/g), 232Th (0.0032 �g/g), and 238U (0.0025 �g/g). Tita-
ium content during data reduction was initially assumed to be
9 wt% TiO2.

Rutile grains devoid of cracks and inclusions were chosen for
pot analyses. Multiple analyses of selected grains were also per-

ormed to reveal the chemical homogeneity. The rutile grains from
ll samples were geochemically discriminated into those from
etapelitic and metamafic according to their Cr and Nb contents.

he temperature of each rutile was calculated by applying the Zr-
rde 77 (2017) 503–515 507

in-rutile geothermometer of Tomkins et al. (2007) which takes into
account the pressure effect on the uptake of Zr in rutile. The peak P-
T conditions of the high-pressure metamorphic rocks in the Ç etmi
mélange were determined as 624 ± 17 ◦C and 2.26 ± 0.16 GPa based
on TitaniQ geothermobarometry (Ş engün and Zack, 2016b). Thus,
the pressure was considered as ∼2.3 GPa in the equation of Tomkins
et al. (2007).

5. Results

5.1. Major and trace element compositions of high-pressure rocks

Eclogite and associated garnet-mica schist were analysed for
major and trace element compositions. The results are given
in Supplementary Material 1. Eclogites are characterized by
low SiO2 (47.2–48.8 wt.%), high TiO2 (1.54–2.08 wt.%), K2O + Na2O
(2.61–3.47 wt.%, Na2O > K2O) contents and high Cr (130–360 �g/g),
Nb (3.8–11.5 �g/g) contents (Ş engün et al., 2012). The chondrite-
normalized diagram for eclogite samples show flat REE patterns
characteristic for enriched MORB (Fig. S1a).

Garnet-mica schists cover a SiO2 range from 60.9 to 68.3 wt.%.
Most garnet-mica schists have TiO2 contents lower than 1%, which
is lower than eclogites. Garnet-mica schists also show large ranges
in Al2O3 of 11.1-15.6 wt.% and K2O of 1.69-2.48 wt.%. The chondrite-
normalized diagram for garnet-mica schist indicates the typical
pattern of the Upper Continental Crust (UCC) with a strong enrich-
ment in the LREE and a marked negative anomaly in Eu (Fig. S1b).

5.2. Rutile geochemistry

In total, 111 rutile grains from both garnet-mica schist and
eclogite in the Ç etmi mélange were analysed by LA-ICPMS and the
results are listed in Tables 1 and 2, respectively. 63 detrital rutile
grains come from three garnet-mica schists (1401, 1504b, 1506)
and 48 rutile grains come from four eclogite samples (1533, 1544,
1549, 1552). In all samples, the rutiles vary in colour from yellowish
to reddish brown. Rutile occurs as two  different textural types in
the studied samples. It occurs as single grains in the matrix between
rock-forming minerals and as inclusion in garnet. The grain size of
detrital matrix rutile in garnet-mica schist is mostly between 50
and 150 �m with an average of about 100 �m.  Inclusion rutile has
the grain size of about 20–30 �m.  Matrix rutile in eclogite samples
has a grain size between 60 and 80 �m.  Rutile occurs as an inclusion
in garnet (grain size of rutile: <20 �m).  The different textural rutile
types in eclogites and garnet-mica schist with the associated range
of Zr concentrations and temperatures are summarized in Table 3
and Fig. 6.

Cr contents in detrital rutiles from garnet-mica schist vary from
355 to 1026 �g/g with an average of 618 �g/g. Nb concentra-
tions have a large spread (Nb: 323–3319 �g/g with an average of
1141 �g/g). Cr and Nb contents of rutiles occuring in matrix range
from 365 to 1026 �g/g (average 631 �g/g) and 323–2052 �g/g
(average 1007 �g/g), respectively (Table 1, Fig. 4). Ta contents in
matrix rutiles vary between 14 and 183 �g/g. Zr and Hf concen-
trations of rutiles range from 24 to 74 �g/g and 1 and 3 �g/g,
respectively. However, inclusion rutiles in garnet have Cr concen-
tration of 355–820 �g/g (average 580 �g/g) and Nb concentrations
of 807–3319 �g/g (average 1537 �g/g). Ta concentrations of inclu-
sion rutiles in garnet vary from 61 to 210 �g/g. Zr and Hf contents
have little variation (Zr: 49–89 �g/g; Hf: 2–4). The high Fe con-
tents (>1000 �g/g) of detrital rutile grains possibly give a hint at

metamorphic origin, whereas magmatic rutile generally includes
<1000 �g/g Fe (Zack et al., 2004).

There is also large variation in the trace element composition
of rutile in eclogite samples. Cr and Nb concentrations in eclog-
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Table 1
Trace element concentrations (�g/g) and the calculated temperature (◦C) in rutile from the garnet-mica schist.

Element Grain V Cr Fe Zr Hf W Nb Ta U Zr/Hf Nb/Ta Log (Cr/Nb) T 2.3 GPa
Sample no

1401 1 1270 457 4616 34 2 96 835 46 1.03 17 18 −0.26 560
2  452 571 5191 89 3 49 3319 210 0.62 30 16 −0.76 621
3  558 390 4095 66 2 34 1870 87 1.16 33 21 −0.68 601
5  1165 626 4373 54 2 47 1031 66 1.45 27 16 −0.22 588
7–1  369 680 3867 32 2 40 888 52 1.93 16 17 −0.12 557
7–2  846 841 2036 39 2 32 948 88 0.23 20 11 −0.05 568
8  462 877 3457 46 2 33 980 53 0.86 23 18 −0.05 578
9  392 924 3875 44 2 41 1058 58 1.12 22 18 −0.06 575
10  794 735 1984 35 2 25 917 50 0.22 18 18 −0.10 561
11  1057 759 4256 63 3 68 1245 66 1.08 21 19 −0.21 598
12  677 642 3068 54 3 139 1052 61 0.18 18 17 −0.21 588
14–1  588 404 2368 37 2 35 947 78 0.18 19 12 −0.37 565
14–2  657 399 2564 35 2 40 1030 76 0.25 18 14 −0.41 561
16  812 547 2018 49 2 32 931 64 0.12 25 15 −0.23 582

1504b 1  1150 553 4360 89 4 160 1958 152 0.20 22 13 −0.55 621
3  892 586 3395 64 3 125 2052 140 0.24 21 15 −0.54 599
8  876 508 2905 85 4 158 2116 161 0.13 21 13 −0.62 618
9  570 436 4159 73 3 140 2046 145 0.32 24 14 −0.67 612
16  407 640 4884 62 3 106 1816 134 2.59 21 14 −0.45 601
18  958 519 2607 87 4 150 1827 144 0.18 22 13 −0.55 624
19  859 574 3719 82 4 138 1641 139 0.16 21 12 −0.46 620
21  903 355 3829 74 3 164 807 124 0.00 25 7 −0.36 614
22  576 487 3267 62 3 79 1674 155 0.34 21 11 −0.54 601
23  362 543 3452 56 2 100 1879 178 0.46 28 11 −0.54 595
24  473 647 4238 84 4 124 980 144 0.33 21 7 −0.18 622
25  886 825 3169 55 2 132 1560 158 0.24 28 10 −0.28 594
26  1260 558 4583 63 3 115 877 127 0.78 21 7 −0.20 603
29  1014 584 2894 72 3 103 1689 183 0.66 24 9 −0.46 611
30  937 817 2296 81 4 122 1077 137 0.23 20 8 −0.12 619
31  906 878 3210 73 3 180 1212 144 0.00 24 8 −0.14 612
32  452 520 3440 76 3 144 1478 138 0.43 25 11 −0.45 615
35  485 687 4267 69 3 108 980 122 0.34 23 8 −0.15 609
37  918 675 3868 72 3 138 878 126 0.26 24 7 −0.11 611
38  549 820 3190 80 4 135 1207 162 0.41 20 7 −0.17 618

1506 5–1 772 483 2427 27 2 434 1066 48 0.25 13 22 −0.34 546
5–2  1054 567 1970 64 3 446 464 41 0.37 21 11 0.09 599
7  898 673 3926 43 2 396 850 76 0.42 21 11 −0.10 573
10  864 1026 3921 37 2 269 1396 104 0.24 18 13 −0.13 564
11–1  1177 945 2790 44 2 583 1048 52 0.57 22 20 −0.05 576
11–2  716 625 2330 36 3 592 901 44 0.17 12 21 −0.16 564
12–1  905 511 2918 53 2 412 832 51 0.41 27 16 −0.21 587
12–2 407 602 6101 62 3 427 982 61 0.20 21 16 −0.21 598
13  334 682 4092 30 2 486 884 45 2.09 15 20 −0.11 552
14  923 505 3276 28 2 408 1060 56 0.45 14 19 −0.32 548
16  976 365 2235 26 1 295 880 58 0.52 26 15 −0.38 545
17  1110 537 2425 58 2 274 439 21 0.20 29 21 0.09 593
18  1089 804 2062 40 2 539 902 60 0.17 20 15 −0.05 570
19–1  1078 701 2400 26 1 445 961 72 0.19 26 13 −0.14 545
19–2  986 722 2181 24 1 471 800 65 0.16 24 12 −0.04 540
20  684 769 2308 52 2 585 918 46 0.33 26 20 −0.08 585
21  691 566 2311 48 2 413 1116 46 0.23 24 24 −0.30 581
22–1  1048 560 2444 26 1 432 1082 66 0.56 26 16 −0.29 545
22–2  1027 532 4726 38 2 469 845 53 0.24 19 16 −0.20 567
22–3  269 619 5866 33 2 445 840 57 0.29 16 15 −0.13 558
23  985 621 2318 45 2 296 916 41 0.19 22 22 −0.17 577
25–1  1124 447 2420 39 2 434 1167 60 0.20 20 19 −0.42 568
25–2  1240 565 2096 66 3 461 397 21 0.32 22 19 0.15 601
26  917 631 3904 54 2 279 1061 64 0.16 27 17 −0.23 588
30  886 538 2105 61 3 235 458 18 0.22 20 25 0.07 596
31  983 618 1948 74 3 408 323 14 1.81 25 23 0.28 614
32  842 424 3425 67 3 425 323 20 0.32 22 17 0.12 602
34  959 767 1967 48 2 287 1098 52 0.16 24 21 −0.16 581

 

T  at 2.3
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35  914 494 2133 25 1 414

emperatures were calculated according to the calibration of Tomkins et al. (2007)

tes are lower than those in garnet-mica schist and range from 269
o 1363 �g/g with an average of 572 �g/g and 63–444 �g/g with

n average 206 �g/g, respectively (Table 2, Fig. 4). Cr contents of
atrix rutile in eclogite vary between 269 and 973 �g/g (average

25 �g/g). Nb contents of matrix rutile vary from 77 to 444 �g/g
average 218 �g/g). Ta contents range between 6 and 29 �g/g. Zr
1080 58 0.16 25 19 −0.34 541

 GPa.

and Hf contents of matrix rutiles have higher than detrital rutiles
in garnet-mica schist and vary from 79 to 150 �g/g and 3–7 �g/g.

However, Cr and Nb concentrations of inclusion rutiles in garnet
range from 379 to 1363 �g/g (average 628 �g/g) and 63–409 �g/g
(average 193 �g/g), respectively. Ta contents of inclusion rutiles
have large variations (3–27 �g/g). Zr and Hf concentrations range
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Table  2
Trace element composition (�g/g) and the calculated temperature (◦C) in rutiles from eclogites.

Element Grain V Cr Fe W Zr Nb Hf Ta Nb/Ta Zr/Hf Log (Cr/Nb) T 2.3 GPa
Sample no

1533 9 793 269 1485 1 131 210 7 13 16 19 0.11 649
16  1641 400 3209 27 98 114 5 8 14 21 0.54 628
17  1632 417 1871 44 120 113 6 7 15 20 0.57 642
18  1681 379 4344 24 111 112 6 8 15 19 0.53 637
19  1438 401 2272 21 85 117 4 8 15 24 0.54 619
20  1480 423 2161 23 104 119 5 8 14 23 0.55 632
21  2746 447 3411 18 121 119 6 9 14 22 0.57 643

1544 1  1189 379 7428 33 79 307 3 24 17 26 0.09 614
10  1118 399 3459 37 90 361 3 21 17 27 0.04 622
12  1121 395 3504 19 116 324 6 20 16 20 0.09 640
13  1174 442 3630 30 89 308 3 19 16 32 0.16 622
11  1047 592 4406 57 106 387 4 24 16 24 0.18 634
3  1242 454 4580 27 129 347 6 21 16 20 0.12 648
5–1  1118 525 4440 4 89 428 3 25 17 30 0.09 622
5–2  1256 406 3680 23 106 381 4 23 16 27 0.03 634
6  1254 424 3820 47 100 416 6 29 14 16 0.01 630
15  1205 413 4730 36 77 345 3 23 15 26 0.08 611
16  1188 455 5968 6 79 310 4 21 15 20 0.17 613
17  1398 511 4787 71 78 409 4 27 15 22 0.10 612
18  1229 468 3971 64 94 351 4 20 18 21 0.12 625
19  1158 412 4554 63 85 370 4 25 15 23 0.05 618
20  1186 549 4227 57 87 356 5 27 13 19 0.19 620
21  1435 452 4383 78 76 401 4 21 19 20 0.05 611
22  1153 446 3070 58 98 368 4 24 15 22 0.08 628
24  1402 499 3556 100 100 444 3 26 17 33 0.05 630
25  1170 552 2592 52 92 405 4 27 15 25 0.13 624

1549 5  1084 540 2869 1 106 85 4 6 14 27 0.80 634
6  1182 891 2655 1 90 96 6 10 9 15 0.97 622
7  1050 1044 2642 1 96 96 5 9 11 19 1.04 627
8  1171 973 2885 2 86 87 4 8 11 24 1.05 619
9  853 1363 3013 41 97 102 6 8 14 16 1.13 627
10  923 1198 2954 14 92 90 5 3 22 18 1.13 624
21  849 708 2525 69 87 92 5 9 11 17 0.89 620
22  1022 541 3433 11 95 95 6 9 11 16 0.76 626
23  889 879 2631 16 98 63 4 5 12 25 1.14 628
24  868 882 2710 14 86 95 4 7 14 22 0.97 619
25  843 803 3030 29 100 83 6 6 15 17 0.98 630
26  900 876 2729 27 85 96 4 4 22 21 0.96 618
27  813 834 3959 32 96 97 5 8 12 19 0.94 627

1552 10–1  1602 529 3709 24 150 77 7 6 13 20 0.84 659
10–2  1241 299 3632 35 102 96 7 8 12 14 0.49 631
4–1  1575 483 2788 63 120 87 6 6 15 19 0.75 643
4–2 1592 452 2850 50 123 96 6 8 12 19 0.67 644
8–1  1642 534 3382 37 109 97 6 7 14 17 0.74 635
8–2  1560 552 3572 124 123 87 6 6 14 19 0.80 644
7  1624 527 4005 23 134 82 7 5 15 21 0.81 651
15  1647 499 4318 27 134 99 7 7 14 20 0.70 651
16  1458 543 3621 44 127 9

Temperatures were calculated according to the calibration of Tomkins et al. (2007) at 2.3

Fig. 4. Plot of Nb versus Cr contents of rutile grains for discrimination according to
Meinhold et al. (2008).
0 6 7 12 22 0.78 646

 GPa.

from 77 to 134 �g/g and 3 and 7 �g/g. 63 detrital rutile grains from
three garnet-mica schist and 48 rutile grains from eclogites are plot-
ted for discrimination on the Cr-Nb diagram (Fig. 4). According to
the Cr-Nb discrimination diagram, the results show that 85% of the
detrital rutiles in garnet-mica schist derived from metapelitic and
15% from metamafic rocks.

All forty-seven matrix detrital rutile grains from garnet-mica
schist show Nb/Ta ratios range from 7 to 24 with an average value
of 15 (Fig. 5a). Nb/Ta ratios of sixteen inclusion rutile range between
7 and 21 with an average value of 13 (Fig. 5a). Rutile grains mostly
have subchondritic Nb/Ta ratios (chondritic Nb/Ta = 19.9, Münker
et al., 2003), whereas twelve rutiles in garnet-mica schist have
superchondiritic Nb/Ta values ranging from 20 to 25 (Fig. 5b).
All detrital rutile grains have subchondritic Zr/Hf ratios of 12–33

(Fig. 5b; chondritic Zr/Hf = 34.3, Münker et al., 2003).

Rutile grains from eclogites have relatively low Nb/Ta ratios
(9–18, average 15), which are all subchondritic (Fig. 5b). Two grains
have superchondritic Nb/Ta with an average of 22. All forty-eight
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Table 3
Zr concentrations and temperatures in different positions of rutile grains.

Eclogite Garnet-mica schist

Sample 1533 1544 1549 1552 1401 1504b

Zr (�g/g) T(◦C) Zr (�g/g) T(◦C) Zr (�g/g) T(◦C) Zr (�g/g) T(◦C) Zr (�g/g) T(◦C) Zr (�g/g) T(◦C)

Rt in matrix 98 628 79 614 97 627 150 659 34 560 64 599
120  642 90 622 92 624 102 631 32 557 62 597
131  649 116 640 87 620 120 643 39 568 62 597
121  643 89 622 86 619 123 644 46 578 56 591

106  634 100 629 109 635 44 575 55 589
129  648 123 644 35 561 63 598
89  622 37 565 72 607
106  634 35 561 73 608
100  629 69 607
100  629 72 607
92  624

Rt  in garnet 111 637 77 611 106 634 134 651 89 621 89 621
85  619 79 613 90 622 134 651 66 601 85 618
104  632 78 612 96 627 127 646 54 588 73 608

94  625 86 619 63 598 87 620
85  618 95 626 54 588 82 616
87  620 98 628 49 582 74 609
76  611 85 618 84 617
98  628 96 627 81 615

76 611
80 614

F a. (b) Zr/Hf versus Nb/Ta diagram. Generally Nb/Ta and Zr/Hf of rutile are subchondritic.
D a and Zr/Hf (Barth et al., 2000; Münker et al., 2003).
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ig. 5. Element ratio plots. Points represent individual analyses. (a) Nb versus Nb/T
ashed  lines refer to chondritic values for continental crust, depleted mantle, Nb/T

utile grains have subchondritic Zr/Hf (14–33) with an average of
1 compared to the chondritic Zr/Hf value of 34.3 (Fig. 5b; Münker
t al., 2003).

.3. Zr-in-rutile thermometry

Rutile grains from both garnet-mica schist and eclogites were
nalysed by LA-ICPMS for their Zr contents. The temperatures
ere calculated by using the pressure-dependant Zr-in-rutile

hermometer of Tomkins et al. (2007). The results of Zr-in-
utile thermometry are shown in Fig. 6. Zr concentrations in the
etapelitic detrital rutiles occuring in matrix of the garnet-mica

chist range from 24 to 73 �g/g. Zr-in-rutile temperatures range
rom 540 ◦C and 612 ◦C with an average of 578 ◦C at P = 2.3 GPa for
utiles in garnet-mica schist. Metamafic detrital rutiles have higher
r concentrations. Zr contents of metamafic rutiles vary between 39

nd 74 �g/g. This corresponds to temperatures of 568 ◦C and 614 ◦C,
hich is identical to metapelitic rutiles. However, inclusion rutile

rains in garnet have higher Zr contents than those occurring in
atrix from garnet-mica schist (Zr: 54–89 �g/g), and correspond-
Fig. 6. Plot of calculated temperature range of the Zr-in-rutile thermometer versus
Zr concentrations.
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Fig. 7. Element ratio plots. Points represent indiv

ng Zr-in-rutile temperatures range from 582 ◦C to 624 ◦C with an
verage of 610 ◦C (Fig. 6). The Zr distributions for the eclogite and
ssociated garnet-mica schist are shown as histograms in Fig. S2.

Rutile grains in matrix from eclogites have high Zr concentra-
ions and range from 79 to 150 �g/g. Zr-in-rutile thermometry for
clogites yielded matrix rutile formation temperatures of 614 ◦C
nd 659 ◦C with an average of 633 ◦C at P = 2.3 GPa. Zr contents of
nclusion rutile grains in garnet vary from 76 to 134 �g/g. This cor-
esponds to temperatures of 611 ◦C and 651 ◦C with an average of
26 ◦C (Fig. 6).

. Discussion

.1. Rutile geochemistry

A Cr-Nb discrimination diagram was used to determine the
ource rock lithology of the high-pressure metamorphic rocks
xposed on the Ç etmi mélange. Mafic and felsic source rock litholo-
ies can be seperated by means of log (Cr/Nb). Positive log (Cr/Nb)
alues in rutile mostly exhibit a metamafic source whereas negative
alues suggest a derivation from metapelitic source (Triebold et al.,
007). It also would be significant to correlate such provenance

ndicator with temperature.
Using the Cr-Nb diagram, 63 detrital rutile grains from three

arnet-mica schists and 48 rutile grains from eclogites are plotted
or discrimination (Fig. 4). The results of rutile Cr-Nb systematics
how a major input from metapelitic lithologies (85% of detrital
utile grains) and a minor input from metamafic lithologies (15% of
etrital rutile grains) in garnet-mica schist. However, eclogites in
he Ç etmi mélange have compositions typical for derivation from

etamafic rocks. The potential source of detrital rutile grains from
arnet-mica schist with Cr<Nb and Nb>800 �g/g is derived from
etapelitic rocks such as mica-schist and paragneisses, whereas

utile grains with Cr > Nb and those with Cr < Nb at Nb < 800 �g/g
re suggested to be derived from mafic rocks such as eclogites and
abbros (Meinhold et al., 2008).

Nb and Ta would dominate the whole-rock Nb and Ta budget
nd the average Nb/Ta ratio of rutile may  be identical to that of
he bulk rock. Nb/Ta ratios in metamafic rutiles from garnet-mica
chist have a relatively large range (11–25), which is slightly larger
han metapelitic rutiles (7–24) (Fig. 5a). This may  be accounted by
ifferences in source-rock lithology. The metapelitic rutile grains

ave mostly subchondritic Nb/Ta ratios (7–24) with an average of
5 (Fig. 5b). Moreover, the metapelitic rutiles with suprachondritic
b/Ta are more abundant than metamafic rutiles from garnet-
ica schist samples. Moreover, inclusion rutiles in garnet have
analyses. (a) Ta versus Nb/Ta. (b) Hf versus Zr/Hf.

mostly subchondritic Nb/Ta ratios (7–21) with an average value
of 13 except one inclusion rutile grain. In general, there is an
overlap between Nb contents, Nb/Ta and Zr/Hf ratios in detri-
tal rutiles and source-rock rutiles (Fig. 5a, b). Therefore, Nb/Ta,
Zr/Hf ratios, Nb, Zr and Hf contents in detrital rutiles well reflect
source rock compositions. Nb/Ta ratios of 6–40 in metapelitic and
12–30 in metamafic rutiles have been observed from Devonian-
Carboniferous amphibolite-facies clastic rocks in the Istanbul Zone
(Okay et al., 2011). Metapelitic and metamafic detrital rutiles from
Bixiling in Central Dabie UHPM zone have also Nb/Ta ratios of 7.7-
20.5 and 11–27.3, respectively (Liu et al., 2014). These ranges are
comparable with our rutile grains in the Ç etmi mélange.

The increase in Nb/Ta and Zr/Hf ratios in eclogites is mainly
caused by a decrease in Ta and Hf contents (Fig. 7a, b). This sug-
gests that differential incorporation of Nb and Ta into rutile during
its growth is a basic cause for the Nb/Ta differentiation due to a sig-
nificant difference in their mass. Accordingly, the increase in Nb/Ta
ratios with the decreased Ta content can be attached to the effect
of metamorphic dehydration at subduction zones on rutile Nb/Ta
differentiation (Schmidt et al., 2009; Gao et al., 2014). Dehydra-
tion metamorphism is a common mechanism for rutile formation
in subduction processes. Nb and Ta have the same oxidation state
and similar ionic radii (Meinhold, 2010) and thus would remain
tightly coupled during geochemical processes in the crust-mantle
differentiation system. Rutile compositions in eclogites mostly dis-
play subchondritic Nb/Ta values (chondritic value 19.9, Münker
et al., 2003) with a range of 9–22 and Zr/Hf values (chondritic
value 34.3 ± 0.3, Münker et al., 2003) range between 14 and 33
(Fig. 5b). However, two  inclusion rutile grains from sample 1549
have suprachondritic Nb/Ta values. It is probable that the sub-
chondritic Nb/Ta ratios may  record rutile growth from local sinks
of aqueous fluids from metamorphic dehydration. Subchondritic
Nb/Ta ratios occur in rutile from both medium to high-grade meta-
morphic regions (e.g., Meyer et al., 2011; Luvizotto and Zack, 2009;
Ewing et al., 2013) and HP metamorphic regions (Xiao et al., 2006;
John et al., 2011; Huang et al., 2012). In contrast, suprachondritic
Nb/Ta ratios may  suggest rutile growth from supercritical fluids or
their products of phase separation into immiscible aqueous fluids
and hydrous melts (Zheng et al., 2011).

6.2. Zr-in-rutile thermometry
The formation temperatures were calculated by the equations of
Tomkins et al. (2007) with a pressure correction. The application of
the Zr-in-rutile geothermometer of Tomkins et al. (2007) requires
a pressure estimate for rutile growth.
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Fig. 8. Plot of temperatures calculated from Zr concentrations versus log (Cr/Nb).
Mafic and felsic compositions according to log (Cr/Nb) are shown (Meinhold et al.,
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008).

The calculated rutile temperatures for metapelitic detrital rutile
rains in the garnet-mica schist range between 540 ◦C and 612 ◦C
ith an average of 578 ◦C at P = 2.3 GPa. Zr-in-rutile temperatures of

nclusion rutiles in garnet range from 582 ◦C to 624 ◦C with an aver-
ge of 610 ◦C, which is slightly higher than detrital matrix rutiles in
arnet-mica schist (Fig. 6). This indicates that Zr-in-rutile temper-
tures can be readily changed after peak metamorphic conditions.
owever, the temperatures of inclusion rutiles in garnet-mica

chist overlap to the temperatures of inclusion rutiles in eclogites.
his suggests that these rutiles experienced similar metamorphic
onditions (Fig. 6). The calculated temperatures for metapelitic
utiles are lower than the peak metamorphic temperature of 624 ◦C,
hich could be attributed to diffusion, recrystallization and inter-

ction of rutiles with intensive retrograde fluid during exhumation
Chen and Li, 2008; Liu et al., 2014).

Detrital rutile grains with felsic compositions give usually lower
aximum temperatures than rutile grains deriving from meta-
afic rocks (Fig. 8). The difference between both is smaller than

0 ◦C. However, some metapelitic rutiles and metamafic source
ndicate that source rocks overlap in their calculated formation
emperatures. Such compatible temperatures not only show that
etrital rutile grains truly reflect their provenance but also it
emonstrates that high-pressure eclogites and their surrounding

arnet-mica schist experienced similar metamorphic conditions
ogether during the deep burial of these oceanic rocks.

ig. 9. (a, b) Frequency histograms of calculated formation temperatures for metapeliti
alculated by using the Zr-in-rutile thermometer of Tomkins et al. (2007).
rde 77 (2017) 503–515

Zr concentrations in metapelitic rutiles are systematically lower
by 45–55 �g/g than metamafic rutiles in eclogite. Zr concentra-
tions in rutile could be partly reduced by retrogression (Zack et al.,
2004; Chen and Li, 2008), which explains the cause of lower Zr con-
tents in metapelitic rutiles compared to metamafic rutiles. Detrital
rutiles could also have grown from a different fluid at lower tem-
peratures in their source rocks. Therefore, the difference in fluid
composition can give rise to the difference in metamorphic tem-
perature. Moreover, the Zr distribution in metamafic rutiles are
more scattered than in metapelitic rutiles. This characteristic dif-
ference could be explained by the higher content of water in pelites
versus mafic rocks (Hermann et al., 2006; Liu et al., 2014; Nichols
et al., 1994; Schmidt et al., 2004). Thus, the Zr diffusivity in rutile
is faster in metapelites than in the relative dry metamafic environ-
ment (Cherniak et al., 2007).

Rutile formation temperatures for metamafic rutile grains in
eclogite vary from 611 ◦C and 659 ◦C with an average of 630 ◦C at
P = 2.3 GPa. It is noted that both Zr contents and calculated tem-
peratures of inclusion rutile and matrix rutile from three eclogite
samples overlap to each other (Fig. 6). This suggests that all rutiles
in eclogites occurring on the southern part of the Biga Peninsula
experienced a similar metamorphic evolution. Moreover, rutile
inclusion in garnet is probably to retain its original equilibrated
Zr contents, given the very restricted ability to exchange Zr with
the host phase during retrogression.

Eclogites and associated garnet mica schist experienced
eclogite-facies metamorphism based on the Zr-in-rutile thermom-
etry (Fig. 9). Fig. 9 indicates no input metapelitic rutile from
greenschist- or blueschist-facies rocks. Amphibolite- and eclogite-
facies lithologies are the most reasonable source rocks for this type
of rutile.

6.3. The source rock lithology of detrital rutile grains

Eclogites have already been investigated for whole-rock major,
trace and rare earth element (REE) contents (Ş engün et al., 2012).
The protolith of eclogite was  an ocean-related magmatic rock as
that of the garnet-mica schist was an associated sediment. The
chondrite- and N-type MORB-normalized diagrams for eclogites
indicate flat REE patterns characteristics for enriched MORB or
OIB (ocean island basalt). The chondrite-normalized REE profiles
and negative Eu anomalies (Fig. S1). The protolith of the garnet-
mica schist was possibly made of sediments resulting from the

c and metamafic rutiles from garnet-mica schist and eclogite. Temperatures were
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rosion of an old crustal or margin sediment. The eclogites repre-
ent a piece of a former oceanic crust with its associated sediments.

Rutile is principally formed during medium to high-grade meta-
orphism and not generally occurring in igneous and low-grade
etamorphic rocks (Force, 1980). Thus, medium to high-grade
etamorphic rocks can be considered to the main primary source

f detrital rutile (Force, 1980). There is no input of metapelitic detri-
al rutile from greenschist- or blueschist-facies metamorphic rocks
ccording to the calculated formation temperatures for metapelitic
nd metamafic rutiles (Fig. 9). The metapelitic rutiles are derived
rom amphibolite and eclogite-facies metamorphic rocks. Rb–Sr
hengite ages from two eclogite samples in the Ç etmi mélange
ave a mid-Cretaceous age of ∼100 Ma  (Okay and Satır, 2000b).
he upper time limit for deposition is set by mid-Cretaceous
igh-pressure metamorphism. The source rocks of detrital rutiles
erived from amphibolite- and eclogite-facies rocks could be found

n basement rocks of the Biga Peninsula (Kazdağ Massif), Balkan
egion (Rhodope Massif, Serbo-Macedonian Massif, Sredna Gora
one) since amphibolite- and eclogite-facies rocks of pre-mid-
retaceous age have been reported there (e.g., Okay et al., 1996;
eischmann and Kostopoulos, 2002; Carrigan et al., 2006; Gaggero
t al., 2009; and references therein). Amphibolite-facies metamor-
hic basement rocks of the Kazdağ  Massif located on the south of
he Biga Peninsula are mainly composed of felsic gneisses, amphi-
olite, marble and meta-ophiolitic rocks at the basal − middle part
f the massif, and metagranite associated migmatite, amphibo-
ite, and marble intercalations at the top (e.g., Okay et al., 1991;
kay and Satır, 2000b; Duru et al., 2004; Erdoğan et al., 2013).
eak P-T conditions of amphibolite-facies rocks in the Kazdağ Mas-
if are 5 ± 1 kbar and 640 ± 50 ◦C (Okay and Satır, 2000b). Zircon
ges from felsic gneisses and amphibolite in the Kazdağ  Massif
etermined by single-zircon stepwise Pb evaporation method are
08 ± 16 Ma  and 329 ± 5 Ma,  respectively (Okay et al., 1996). The
etamorphic rocks of the Kazdağ  Massif underwent amphibolite-

acies metamorphism under progressive compression during the
lpine orogeny, associated with the emplacement of metagran-

tes (Okay and Satır, 2000b; Erdoğan et al., 2013). Metamorphism
esulted from northward subduction of the İzmir-Ankara branch of
he Neo-Tethyan Ocean under the Sakarya Zone. Following meta-

orphism, the medium to high-grade metamorphic rocks of the
azdağ Massif were internally imbricated by southerly compres-
ion during collision. When evaluated from a tectonic point of
iew, the Kazdağ  metamorphic sequence was  imbricated along
hrust faults of southward vergence after Alpine metamorphism
Erdoğan et al., 2013). Collision of the Sakarya Zone with the
natolide-Tauride Block and internal imbrications of the Kazdağ
assif gave rise to progressive thickening in the crust. Amphibolite-

acies rocks of the Kazdağ  Massif could be the primary source rocks
or the metapelitic detrital rutiles in the garnet-mica schist from
he Ç etmi mélange based on metamorphic conditions, geochem-
stry and tectonic setting. Amphibolite-facies rocks of the Kazdağ

assif could also be potential source rocks of the metamafic detri-
al rutiles. Metapelitic and metamafic detrital rutiles derived from
mphibolite and eclogite-facies rocks may  have transferred into
he metasedimentary rocks in the Ç etmi mélange before Creta-
eous time. Another potential source for the detrital rutiles of the
arnet-mica schist within the Ç etmi mélange could be the Car-
oniferous flysch of the Istanbul Zone in Turkey. U-Pb rutile ages
ielded Late Devonian-Early Carboniferous and their geochemistry
how an amphibolite-facies metamorphic provenance dominated
y metapelitic rocks (Okay et al., 2011). The calculated metamor-
hic temperatures of the metapelitic rutiles range between 550 and

50 ◦C (Okay et al., 2011).

Amphibolite to eclogite-facies metamorphic rocks have also
een documented from the Rhodope and Serbo-Macedonian
assifs of Bulgaria and Greece, and Sredna Gora Zone of Bul-
rde 77 (2017) 503–515 513

garia. HP metamorphism with peak conditions of 585 ± 32 ◦C
and 2.17 ± 0.1 GPa in kyanite eclogite and 619 ± 53 ◦C and
1.69 ± 0.17 GPa in common eclogite from the Kechros Complex in
the eastern Rhodope (Mposkos et al., 2012). Moreover, HP/UHP
metamorphism has been reported from the Kimi Complex, which
has minimum temperature of 800 ◦C and pressure of 23 kbar (Bauer
et al., 2007; Krenn et al., 2010). The timing of HP/UHP metamor-
phism in the Rhodope Massif is at 160 Ma  (e.g., Mposkos and Krohe,
2006; Bauer et al., 2007). Moreover, the time of amphibolite-facies
metamorphism is given as 144 Ma  (Krenn et al., 2007). The esti-
mated temperatures calculated by Thermocalc at 1.12–1.29 GPa are
in the range of 602–661 ◦C for the eclogite-facies metabasites in
the Sredna Gora Zone (Bulgaria) based on the assemblage garnet-
clinopyroxene-amphibole-quartz and in the range of 569–665 ◦C
temperature at 0.5 GPa for the amphibolite-facies assemblage
of biotite-muscovite-plagioclase-quartz (Gaggero et al., 2009).
Eclogite-bearing amphibolites yielded 398.4 ± 5.2 Ma  (Ar–Ar dating
on hornblende, Gaggero et al., 2009).

7. Conclusions

The following major conclusions are derived from this study of
high-pressure metamorphic rocks in the Biga Peninsula:

1) 85% of the detrital rutile grains from garnet-mica schist were
derived from metapelitic and 15% from metamafic rocks based
on the Cr-Nb discrimination diagram. Composition and tem-
perature range of Zr-in-rutile grains from garnet-mica schist
suggest that metapelitic rutiles accurately reflect their prove-
nance. On the other hand, eclogites in the Ç etmi mélange have
typical compositions for derivation from metamafic rocks.

2) The rutile grains in garnet-mica schist are mostly character-
ized by subchondritic Nb/Ta ratios (7–24) with an average of
15. The Nb/Ta and Zr/Hf ratios of rutiles in eclogite samples
increase with a decrease in Ta and Hf contents, which could
be ascribed to the effect of metamorphic dehydration in sub-
duction zones on rutile Nb/Ta differentiation. The rutile grains
are dominated by subchondritic Nb/Ta and Zr/Hf ratios. It can
be noted that the subchondritic Nb/Ta ratios may  record rutile
growth from local sinks of aqueous fluids from metamorphic
dehydration. Subchondritic Nb/Ta ratios of rutile would be pro-
duced if their growth is associated with prograde eclogite-facies
metamorphism during subduction.

3) The calculated formation temperatures of high-pressure
metasedimentary rocks vary from 540 ◦C to 624 ◦C with an
average of 586 ◦C at P = 2.3 GPa. The calculated Zr-in-rutile tem-
peratures for the garnet-mica schist demonstrate that there is no
derivation of metapelitic rutiles from blueschist- to greenschist-
facies rocks. Amphibolite to eclogite-facies rocks are the most
convenient candidates for this type of detrital rutile. The Zr-in-
rutile thermometer of Tomkins et al. (2007) gives temperatures
of 611–659 ◦C with an average temperature of 630 ◦C for eclog-
ites from the Ç etmi mélange. This average temperature suggests
the growth temperature of rutile. It can be noted that both Zr
contents and calculated temperatures of inclusion rutiles and
matrix rutiles from eclogite samples overlap to each other. This
suggests that all rutiles grew under the same P-T conditions
during the subduction.

4) Amphibolite-facies rocks exposed on the Kazdağ  Massif located
in southern part of the Biga Peninsula could be the pri-
mary source rocks for the metapelitic detrital rutiles in the

garnet-mica schist from the Ç etmi mélange. Metamafic rocks
that underwent the amphibolite-facies metamorphism in the
Kazdağ Massif could be potential source rocks of the meta-
mafic detrital rutiles. Metapelitic and metamafic rutiles derived
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from amphibolite-facies rocks may  have transferred into the
metasedimentary rocks in the Ç etmi mélange before mid-
Cretaceous time.
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