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Abstract: The Tozlu metaophiolite is composed predominantly of metagabbro, banded amphibolite, metadunite, and
serpentinite, which are exposed in the Kazdag Massif located in the northwestern part of Turkey. The geochemistry
(major, trace, and rare earth elements) and petrography of the Tozlu metaophiolite in the Kazdag Massif provided
significant knowledge about protolith, petrogenesis, source characteristics and tectonic setting in northwest Turkey. Trace
element geochemistry, Ti/Y (29.95-296.92 ppm) and Nb/Y (0.01-0.17 ppm) ratios suggest that metaophiolitic rocks were
derived from a tholeiitic magma and igneous protolith of basaltic composition. The immobile trace element tectono-
magmatic discrimination diagrams define a mid-ocean ridge basalt (MORB) to volcanic arc (IAT) affinity for the Tozlu
metaophiolite. The metaophiolitic rocks demonstrate flat rare earth element (REE) patterns and enrichment of large ion
lithophile elements (LILEs; i.e., Rb, Ba, Th), as well as depletion of high field strength elements (HFSEs; i.e., Nb, Th,
Ti, Hf). N-MORB characteristics of the Tozlu metaophiolite on a multi-element diagram suggest that the protolith of
metaophiolitic rocks generated in a subduction-related setting. The tholeiitic metaophiolitic rocks resulted from the
metamorphism of an island arc-type basaltic protolith and display subduction zone components according to the Th/Yb
and Ta/Yb ratios. The Tozlu metaophiolite with MORB/IAT affinity witness for supra-subduction zone originated in
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island arc/back-arc settings.
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Introduction

Ophiolites provide important information on the reconstruc-
tion of the tectonic history of a region and indicate the pre-
sence of sutures and the closure of former oceanic basins.
The ophiolitic units of Turkey and surrounding regions form
a significant part of the Eastern Mediterranean region.
The Eastern Mediterranean region is characterized by a great
number of ophiolites and ophiolitic fragments (e.g., Sengor &
Yilmaz 1981; Okay et al. 2001; Robertson 2002, 2004; Parlak
etal. 2013; Celik et al. 2019; Ozkan et al. 2022; Fig. 1), which
are the remnants of oceanic lithosphere involved during the
Late Paleozoic—Mesozoic geodynamic evolution of the Tethys
realm. These structurally-intact, ophiolitic fragments show
distinct spreading ages, including the timing of genesis and
emplacement. And so, based on their protolith ages, which
were recorded from west to east, it can be concluded that these
units are (1) the relics of the Jurassic oceanic lithosphere
(Dinaride—Hellenide—Albanide ophiolites), which exhibit the
former existence of one or two major oceanic basins (e.g.,
Robertson 2002, 2012; Liati et al. 2004; Gartzos et al. 2009;
Hohn et al. 2022); (2) Lower Jurassic to Upper Cretaceous
ophiolites, which are widespread in Turkey (Taurides, Ponti-
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des, Anatolides), Cyprus, and Syria (Parlak & Delaloye 1999;
Robertson 2002; Celik et al. 2006; Parlak et al. 2013; Topuz
et al. 2013; Robertson et al. 2014); and (3) Lower to Middle
Jurassic ophiolites from the Lesser Caucasus (Galoyan et al.
2009; Rolland et al. 2009; Sosson et al. 2010; Hassig et al.
2013). These ophiolitic units reflect the evolutionary stages of
Neotethyan ocean basins from the Jurassic to Cretaceous
(e.g., Robertson 2002; Dilek et al. 2007; Robertson et al. 2009;
Topuz et al. 2013; Celik et al. 2019; Ozkan et al. 2022).
Although the northwestern Turkey region exposes ophiolites
with well-preserved magmatic and metamorphic records
(especially on the Biga Peninsula), their protolith ages and
tectonic settings have not yet been determined. Northwestern
Turkey plays an important role in the understanding of the
geodynamic history of larger regions, since it provides a geo-
graphic link between the main ophiolitic units in the Eastern
Mediterranean region. However, a general framework remains
missing due to a lack of isotopic age data and geochemical
data.

In this study, we focus on well-preserved metagabbros from
the Tozlu metaophiolite in the Kazdag Massif, which are
located in northwestern Turkey. New, whole-rock, geochemi-
cal, major, and trace element analyses from the metagabbros
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Fig. 1. Tectonic map of the Eastern Mediterranean region showing the major geotectonic units and the bounding sutures (modified from Okay

et al. 2006; Meinhold et al. 2010).

have been used to evaluate the primary tectonic setting of for-
mation of the oceanic lithosphere materials. The purpose of
this paper is to give insight into geochemical signature of
metagabbros in the high-grade metamorphic basement of the
Kazdag Massif and reveal the origin, source characteristics
and tectonic settings, which could contribute to the Tethyan
geodynamic evolution of Turkey.

Geological background
Regional geology

Northwestern Anatolia is characterized by the ophiolite
emplacement, arc magmatism, high pressure/low temperature
metamorphism, subduction, and continent—continent collision
processes that took place during the Late Cretaceous—Early
Eocene period (Okay & Tiiysiiz 1999). The Istanbul Zone and
Strandja Zone collided as a result of the closure of the Intra-
Pontide Ocean in the Late Cretaceous. The Sakarya Zone in
northwestern Anatolia is a tectonic mosaic that includes
several tectonic units of continental and oceanic assemblages
of different origin and ages, which is separated by suture zones
that represent the closure of branches of Tethyan ocean
basins (e.g., Sengor & Yilmaz 1981; Okay & Tiiysiiz 1999).
The Strandja Massif and the Thrace Basin border the Biga
Peninsula, one of these larger units that occur at the western
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end of the Sakarya Zone to the north, and the Aegean Sea
marks the western and southern borders (Fig. 2). To the south,
the Izmir—Ankara—Erzincan suture (IAES) zone separates the
composite continental blocks of the Pontides (Sakarya Zone,
Rhodope—Strandja Zone, Istanbul Zone, eastern Pontides)
from the composite Anatolide—Tauride Block. The TAES rep-
resents the remnants of an oceanic domain that was consumed
by northward subduction under the Pontides from the late
Paleozoic to the late Mesozoic with continental collision
during the Paleocene—carly Eocene period (e.g., Robertson
2002; Ustadmer & Robertson 2010; Topuz et al. 2013; Okay et
al. 2018; Ozkan et al. 2022).

Geological outline of the Biga Peninsula

The Biga Peninsula in NW Turkey lies in the Alpine oro-
genic system of the eastern Mediterranean region and mainly
consists of plutonic and associated volcanic rocks, ophiolites,
and high-grade metamorphic rocks. The Intra-Pontide suture
(Fig. 2) separates these different tectonic assemblages from
each other. These units belong to the Rhodope—Strandja
Massif to the north and to the Sakarya Zone to the south.
The Peninsula includes the following main units: (i) a Variscan
basement of high-grade metamorphic rocks of the Kazdag Massif
(Okay & Satir 2000a,b; Duru et al. 2004, 2012; Erdogan et al.
2013), greenschist-facies rocks of the Camlica metamorphic
unit (Sengiin et al. 2011), and the Kemer metamorphic unit
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(Late Cretaceous; Beccaletto et al. 2007; Aygiil et al. 2012).
The metamorphism was Carboniferous (330-308 Ma) in
age (Okay et al. 1996; Okay & Satir 2000b) and these meta-
morphic rocks were intruded by Devonian/Carboniferous
(401-336 Ma) granites (Okay et al. 1996; Aysal et al. 2012;
Sunal 2012; Sengiin & Koralay 2017; Sengiin et al. 2020);
(i1) the Triassic—Lower Jurassic units of the Karakaya Complex
exposed only in the eastern part of the Biga Peninsula (Okay
& Gonciioglu 2004); (iii) the subduction—accretion Cetmi
mélange (Early Cretaceous; Okay et al. 1991; Beccaletto et al.
2005); (iv) the Permo—Triassic Ezine Group, which is tectoni-
cally overlain by Lower Cretaceous Denizgdren ophiolite
(Beccaletto & Jenny 2004); (v) Tertiary sedimentary cover
units that unconformably overlie all of the units mentioned
above (Fig. 2).

The Kazdag Massif lies in the Sakarya Zone and is located
on the southernmost part of the Biga Peninsula in northwest
Turkey. The Kazdag Massif forms structurally NE-plunging
and NE-SW-trending anticlinorium. High-grade metamorphic
rocks, which occur on the core of the anticlinorium, typically
resemble a gneissic dome. The Kazdag Massif is generally
regarded as the latest Oligocene metamorphic core complex
(e.g., Okay et al. 1991; Okay & Satir 2000b; Duru et al. 2004)
and can be correlated to the Rhodope Massif in Greece in
terms of lithology and the timing of metamorphism (Okay et
al. 1996, Okay & Satir 2000b; Beccaletto & Jenny 2004).
The Kazdag Massif is subdivided into four formations
(Duru et al. 2004; Fig. 3). These are, from the base to the top:
(1) the Findikl1 formation, which consists of an intercalation of
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amphibole-bearing gneiss, quartz—feldspathic gneiss, marble,
and amphibolite; (ii) the Tozlu metaophiolite, which is mainly
composed of metaophiolitic rocks including metagabbro,
metapyroxenite, metadunite, and serpentinite; (iii) the Sarikiz
unit, which consists of platform-type, highly-recrystallized
white marbles with gneiss horizon; (iv) the Siitiiven Formation,
which forms the uppermost part of the Kazdag Massif and
comprises quartz—feldspathic gneisses with a lesser amount
of amphibolite, marble horizons, and lenses. The dominant
lithology of quartz—feldspathic gneisses is made up of silli-
manite gneiss, muscovite gneiss, and granitic gneiss based on
the field observations. Moreover, migmatization is widely
observed in the quartz—feldspathic gneisses of the Siitiiven
Formation. The Siitiiven Formation is intruded by the Oligo—
Miocene granodiorite.

The metamorphic rocks of the Kazdag Massif underwent
amphibolite to granulite-facies metamorphism under progres-
sive compression during the Alpine orogeny, which had been
associated with the emplacement of metagranites (Okay &
Satir 2000b; Erdogan et al. 2013). Zircon ages from the felsic
gneisses and amphibolite in the Kazdag Massif, which is
determined by the single-zircon stepwise Pb-evaporation
method, is 308+16 Ma and 329+5 Ma, respectively. These
ages suggest that the high-grade metamorphism in the Kazdag
Massif is Carboniferous in age (Okay et al. 1996). However,
K—Ar mica ages from two gneisses in the Kazdag Massif
yielded 26+3 Ma and 2743 Ma that were related to the Alpine
overprint (Bingdl 1969). Okay & Satir (2000b) reported
Rb/Sr muscovite and biotite ages clustering at 24-20 Ma and

Gelibolu

Aegean Sea

Edremit

)\ .
Karabiga

volcanic-sedimentary

215 ‘ ey
7 series

Marmara Sea

Tertiary

granite

[zmir-Ankara zone
ophiolitic rocks

Cetmi melange

Mesozoic

carbonate series

Karakaya Complex

ophiolite

Karadag metamorphites

Palezoic

Camlica metamorphites

L]
Balikesir

® Havran 4 Kazdag Massif
7 Lot - =
o B .
o —— £ 2 Kalabak Unit
15 km 3
o
AAAA—  thrust fault —*——  normal fault )
— . . —  Alpine suture/fault
~— strike-slip fault undefined fault

Fig. 2. Generalized geological map of the Biga Peninsula (modified from MTA 2012). Inset map shows location of the Biga Peninsula.
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Fig. 3. Detailed geological map of the high-grade metamorphic rocks in the Kazdag Massif (modified from Duru et al. 2012).

20-18 Ma from the gneiss samples, respectively. More
recently, U-Pb zircon ages from metagranite samples yielded
24.844.6 Ma and 28+10 Ma, which were interpreted as the
timing of the migmatitic magmatism in the Kazdag Massif
that occurred during the Alpine orogeny (Erdogan et al. 2013).
These isotopic data suggest that high-grade metamorphism in
the Kazdag Massif occurred during the Carboniferous and
during the late Oligocene (Okay et al. 1996; Okay & Satir
2000b; Erdogan et al. 2013). Apatite fission-track ages of
17-14 Ma from the Alakeci shear zone located on the western
flank of the Kazdag Massif were linked to exhumation of
the Kazdag Massif (Cavazza et al. 2009). The P-T conditions
of the high-grade metamorphism have been estimated at
5+1 kbar and 640+50 °C (Okay & Satir, 2000b). However,
the P—T conditions of Tozlu metaophiolite were determined as
646 °C at 9 kbar, which reflects the metamorphic temperature
related to the amphibolite-facies metamorphism (Sengiin &
Zack 2016).

Field characteristics

The Tozlu metaophiolite is mainly composed of meta-
gabbro, metadunite, metapyroxenite, and serpentinite (Fig. 3).
Metagabbro forms the dominant rock type within the Tozlu
metaophiolite and occurs as layers of varying thickness, which
alternates with amphibolite and metadunite. The metagabbro
is black-colored, coarse-grained (0.5 to 0.8 mm), well-folia-
ted, and banded (Fig. 4a). These layers of metagabbro are
illustrated by alternating plagioclase and amphibole-rich
bands (Fig. 4b). Tectonic lenses consisting of marble—amphi-
bolite—quartz—feldspathic gneiss intercalations occur within
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the metagabbro and metadunite. These tectonic lenses were
deformed together with the units (Findikli, Sarikiz, Siitiiven
formations) as taking the present position of the Tozlu meta-
ophiolite and during the later deformations. Outcrop distribu-
tion of rock units forming the Tozlu metaophiolite and
structural observations indicate that the Tozlu metaophiolite
is composed of recumbent folds, which are overturned to
southern and tectonic slices.

Amphibolites appear black-colored, medium to coarse-
grained (0.3 to 0.6 mm), showing a well-developed foliation
and they may refer initially lava flows (Fig. 4c). Amphibole
and plagioclase can be observed in hand specimens. Metadunite
alternating with metagabbros and amphibolite has a yellowish-
green color, as well as a massive structure and readily-identi-
fiable olivine crystals (Fig. 4d).

The Tozlu metaophiolite tectonically lie above the marble
of the Findikli Formation occurring on the central part of
the Kazdag dome (Fig. 3). Marbles are broadly overlain by
metagabbros, whereas the metadunite overlies the marble on
the western side of the marble core. This tectonic relation is
a thrust developed prior to metamorphism. The Tozlu meta-
ophiolite is unconformably overlain by the Sarikiz unit, which
is represented by thick platform-type, highly-recrystallized,
white marbles that alternate with migmatized metasedimen-
tary rocks. This contact is characterized by basal conglome-
rates. The relationship between these two units was also
regarded as an angular unconformity before thrusting (Duru et
al. 2004; Erdogan et al. 2013). The basal conglomerates are
observed between the Tozlu metaophiolite and the Sarikiz unit
around the Sarikiz hill, as well as the southern and western
side of the Kazdag dome. The Sarikiz unit starts with basal
conglomerate (thickness of up to 5 meters) at the lowest part
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Fig. 4. Field photographs from the Tozlu metaophiolite: a — general view of black-colored, coarse-grained metagabbro; b — banded meta-
gabbro; ¢ — well-foliated, banded amphibolite; d — green-colored, massive metadunite.

with fragments from the Tozlu metaophiolite. It passes upward
with gray-colored, fine- to medium-layered metasedimentary
rocks. These metasedimentary rocks pass gradationally upward
into white-colored marbles, which shows the presence of clas-
tic succession on the lower part of the Sarikiz unit. Coarse
grains in gneiss between metasedimentary horizons are mainly
composed of quartz and feldspar.

Analytical methods

Fresh samples were collected from the Tozlu metaophiolite,
taking care to avoid weathered, hydrothermally-altered, or
mineralized pieces. Fourteen representative samples were
selected from the metagabbros (10 samples) and metadunite
(4 samples), and analyzed for major, trace and rare earth ele-
ments (REE) chemical composition. The location of the rock
samples is shown in Fig. 3.

Whole-rock chemical analyses were conducted by analyti-
cal facilities at the ALS Chemex Laboratory in Canada and
calibrated against internal and international standards. Trace
element and REE concentrations were determined by
Inductively Coupled Plasma—Mass Spectroscopy (ICP-MS).
Major oxides were analyzed by Inductively Coupled Plasma
—Atomic Emission Spectroscopy (ICP-AES). The prepared

sample (0.200 g) was added to lithium metaborate/lithium
tetra borate flux (0.90 g), mixed well, and then fused in a fur-
nace at 1000 °C. The resulting melt was then cooled and dis-
solved in 100 mL of 4 % nitric acid 2 % hydrochloric acid.
This solution was then analyzed by ICP-AES and the results
were corrected for spectral inter-element interference.
The oxide concentration was calculated from the determined
elemental concentrations.

Petrography

Metaophiolitic rocks exposed on the Kazdag Massif are
characterized by metagabbro, metadunite, metapyroxenite and
serpentinite. The mineral assemblage of metagabbros is domi-
nated by plagioclase (~40 vol. %), hornblende (~30 vol. %),
clinopyroxene (~ 15 vol. %), and orthopyroxene (~10 vol. %)
(Fig. 5a,b). Accessory mineral phases include epidote, chlo-
rite, quartz, rutile, sphene, zircon, and ilmenite. Inclusion of
quartz, epidote, and zircon occur in clinopyroxene minerals.
The most conspicuous textures of the metagabbros are gra-
nonematoblastic and poikiloblastic. Plagioclase is very com-
mon, medium to coarse, lath-shaped, and exhibit polysynthetic
twinning. Hornblende is coarse-grained, with pleochroism
of colorless to light green and green to greenish-brown.
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Fig. 5. Photomicrographs of selected metaophiolitic rocks: a — texture of metagabbro; b — amphibolite represented by elongated hornblende
and plagioclase grains; ¢ — biotite replaced by chlorite showing greenschist-facies overprint in amphibolite; d — texture of metadunite
(hbl — hornblende, cpx — clinopyroxene, opx — orthopyroxene, pl — plagioclase, bt — biotite, spn — sphene, ep — epidote, chl — chlorite,
ol — olivine, srp — serpentine; mineral abbreviations after Whitney & Evans 2010).

Clinopyroxene is more abundant (~ 15 vol. %) and occurs as
medium to coarse subhedral grains, which are frequently
replaced by epidote and hornblende. Orthopyroxene is of
limited abundance (~ 10 vol. %) and pleochroic from pale pink
to pale green.

Hornblende (~50 vol. %), plagioclase (~35 vol. %), quartz
(~5 vol. %), biotite (~5 vol. %) represent the main mineral
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assemblage of the amphibolites (Fig. 5c,d). Accessory and
secondary mineral phases are mainly composed of epidote,
chlorite, biotite, Ca-amphibole, sphene, zircon, apatite, and
ilmenite. Hornblende forms the dominant mafic mineral phase
in amphibolites and shows subhedral crystal forms (Fig. 5c).
Prismatic to elongated hornblende crystals show intergrowth
with latter mineral phases. Plagioclase crystals are typically
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very common, fine-grained, subhedral grains. Pseudomorphic
replacement of biotite by chlorite (Fig. Se), and rutile enve-
loped by titanite indicate the gradual retrogression to green-
schist-facies. The dark green, elongated hornblende minerals
microscopically refer to the lepidoblastic texture and macro-
scopically define foliation in the amphibolites. Green-colored,
massive metadunites have the main mineral composition of
olivine, serpentine, and magnetite, with a lesser amount of
pyroxene, calcite, tremolite, and talc (Fig. 5f). Metadunite
samples were mostly serpentinized. According to the textures
and mineral assemblages, the Tozlu metaophiolitic rocks
underwent the amphibolite-facies to greenschist-facies meta-
morphism; the latter indicated by the chloritization of biotite
and amphibole crystals, including sphene rims around the
rutile crystals.

Whole-rock geochemistry

The whole-rock major oxide and trace element composi-
tions of fourteen selected metaophiolite samples (metagabbro
and metadunite) from the Tozlu metaophiolite in the Biga
Peninsula are listed in Table 1. If the loss of ignition (LOI)
values are usually less than 2 wt. %, the low alteration took
place on samples (e.g., Polat et al. 2002). The LOI values of
metagabbros (10 samples) range from 0.6 to 1.80 wt. %.
However, metadunites (4 samples) have LOI values of 4.6—
9.8 wt. %, which suggests the presence of secondary hydrated
and carbonate phases (Table 1).

The Tozlu metaophiolite experienced regional amphibo-
lite-facies metamorphism. Some major elements (Si, Na, K
and Ca) and trace elements (Rb, Sr, Cs, Ba and U) in basaltic
rocks are known to be mobile during magmatism and meta-
morphism (e.g., Sun & Nesbitt 1978). However, immobile
trace elements (Y, Zr, Nb, Ta, Hf) and REE could be used for
reliable petrogenetic interpretations and tectono-magmatic
discriminations of metaophiolitic rocks. Therefore, variation
diagrams using higly-immobile Zr as a discrimination index
were depicted to reveal the element mobility and geochemical
trends. The variations binary diagrams exhibit clear linear
trends and a good correlation with Zr for major and trace ele-
ments, which have immobile behaviour during metamorphism
and alteration (Fig. 6). MgO an TiO, indicate linear correlation
and increase as Zr decreases (Fig. 6a,b). However, Al,O; and
CaO show scattered trends on these variation diagrams, which
suggests their mobility (Fig. 6¢,d). Trace elements (e.g., Nb,
Y, Hf, Zr) and REE, which do not behave in a mobile trend
during metamorphism and alteration, are plotted against Zr
and indicate strong linear trends (Fig. 6e-h). This immobile
behaviour of the major oxides and trace elements, except for
Al O, and CaO, reflects the magmatic origin and demonstrate
igneous differentiation trends.

The metagabbros have basic chemical compositions with
Si0, (4354 wt. %, Table 1). They are characterized by MgO
contents of 7.53—13.2 wt. % and TiO, concentrations ranging
from 0.22 to 1.44 wt. %. CaO content is high (10.7-15.9 wt. %).
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They have low K,O (0.04-1.4 wt. %), high Na,0O (1.4—
2.53 wt. %), and high Al,O, (8.4-17.8 wt. %) contents. Their
Mg# values vary from 77 to 89 and are markedly higher than
the reference value for primary basaltic magma (Frey et al.
1978). The metagabbro samples are enriched in CaO, thereby
exhibiting that Ca-amphibole and epidote are abundant in their
mineralogical composition. High Al,O, concentrations may
result from plagioclase abundance in metagabbros. However,
the metadunites have ultrabasic compositions of SiO, (37—
42 wt. %). These samples are characterized by high MgO
(34.8-40.9 wt. %), low CaO (0.71-2 wt. %), ALO, (0.84—
2.21 wt. %), and TiO, (0.01-0.05 wt. %) contents.

With the exception of three samples (samples 1740, 1760,
1777), the metagabbros have high Zr (62-128.7 ppm), Hf
(1.7-3.6 ppm), Th (0.3-5.1 ppm), and Nb (1.2—4.2 ppm) con-
centrations. These three samples (sample 1740, 1760, 1777)
show depletion in some HFSEs (high field strength elements),
such as Zr contents (7-16 ppm), Hf contents (0.3—-0.5 ppm),
Th contents (0.05 ppm), and Nb contents (0.2-0.4 ppm).
The abundance of compatible elements in metagabbros is
characterized by a Ni content of 113—-240 ppm, Co content of
31.7-76.5 ppm, and Cr content of 310-580 ppm. The meta-
dunite samples indicate major and trace element characteris-
tics typical for a peridotite, such as low SiO,, and very high
MgO, Cr, and Ni concentrations (Table 1).

The protolith of metaophiolite is classified as basalt, except
for one sample (sample 1721 from metadunites) according to
the Zr/Ti versus Nb/Y classification diagram of Pearce (1996)
(Fig. 7a). The metagabbro samples fall between island arc
tholeiite and calc-alkaline areas according to the diagram of
Th versus Co (Fig. 7b). The geochemical affinity of the meta-
ophiolite samples was illustrated in the discriminant diagram
of P,O; versus Zr, which shows that most of the metaophiolite
samples have a tholeiitic character (Fig. 7c). The low Zr/Y
(0.21-7.99) and Zr/Ti (0.001-0.05) ratios confirm the tholeii-
tic affinity.

On the N-MORB normalized multi-element incompatible
trace element diagram, metagabbros exhibit slight enrichment
of large ion lithophile elements (e.g., Rb, Ba, Th, Sr) relative
to HFSEs (e.g., Nb, Zr, Hf; Fig. 8a). However, metadunite
samples indicate strong Sr depletion and slight Hf enrichment.
The metagabbro samples exhibit positive Sr anomalies that
may reflect plagioclase accumulation in some samples and/or
may represent the arc-type signature of partial melting. Most
of the metaophiolite samples show conspicuous negative Nb
and Zr anomalies at higher abundances relative to N-MORB.
Negative Zr and Nb anomalies are elucidated by protecting
immobile elements (Pearce & Peate 1995), which reflects
the depletion of mantle wedge source during partial melting
(Wilson 1989). N-MORB characteristics and Nb—Ti—Zr deple-
tions of metaophiolitic rocks (Fig. 8a) demonstrate that the
protolith of metaophiolitic rocks formed in a subduction-
related setting or it may be originated from a mantle source
modified by the earlier subduction. The low Ce/Pb (0.10-0.47;
0.22-2.82) and high Ba/Nb (7.5-37; 2.06-208) ratios in meta-
dunite and metagabbro samples reflect the influx of slab
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Table 1: Major (wt. %) and trace element (ppm) analyses of metaophiolitic rocks from the Tozlu metaophiolite.

Metadunite Metagabbro
Sample no. 1720 1721 1730 1774 1740 1741 1754 1756 1760 1769 1771  1775A 1775B 1777
Major elements (wt. %)
SiO, 37.4 38.7 42.6 41.9 47.5 44.2 46.7 48.3 48.9 54.2 43.7 44.8 44.2 51.7
AlLO, 0.84 221 2.07 1.88 15.8 17.1 16.8 14.9 16.6 8.4 17.8 17.8 16.9 16.3
Fe,0, 12 8.09 8.56 8.12 6.22 11.1 8.47 9.73 5.8 7.5 8.3 7.8 9.2 5.6
CaO 1.35 1.68 0.71 2 12.5 13.8 134 11 13.9 10.6 15.9 15.2 14.5 12.6
MgO 40.9 36.9 35.8 34.86 11 8.72 11.05 7.53 10.2 13.2 9.2 10.3 10.7 8.6
Na,O 0.05 0.08 0.02 0.07 2.11 1.83 1.69 2.53 2.16 1.4 1.5 1.5 1.9 1.9
K,0 0.01 0.01 0.03 0.01 0.05 0.35 0.19 0.1 0.04 1.4 0.1 0.2 0.2 0.1
Cr,0, 0.17 0.36 0.35 0.333 0.07 0.05 0.08 0.04 0.04 0.1 0.0 0.1 0.0 0.0
TiO, 0.01 0.04 0.05 0.04 0.22 1.37 0.78 1.44 0.31 0.6 1.1 0.7 0.8 0.4
MnO 0.2 0.12 0.11 0.11 0.12 0.17 0.17 0.15 0.12 0.2 0.2 0.1 0.2 0.1
P,O; 0.01 0.01 0.06 0.01 0.02 0.1 0.03 0.2 0.02 0.1 0.0 0.0 0.0 0.01
LOI 4.66 8.46 12.8 9.8 1.49 1.1 1.79 1.59 0.6 1.8 1.6 1.1 1.0 1.6
Total 97.6 96.7 103.2 99.1 97.1 99.9 101.2 97.5 98.7 99.5 99.5 99.6 99.7 98.8
Mgt 94 95 95 95 89 78 85 77 89 89 83 85 84 87
Trace elements (ppm)
Ba 4.7 3.1 7.4 3 7.1 14.8 11.8 14.1 3.1 710 7 7 11 4.6
Co 1355 113.5 111.5 105.6 43 45.5 433 432 36.9 76.5 68.1 58.4 67.4 31.7
Cr 1330 2720 2740 2685 480 330 580 310 320 380 375 420 445 370
Cs 0.15 0.07 0.02 0.1 0.01 2.01 0.64 0.04 0.13 0.2 0.1 0.2 0.1 0.05
Cu 57 5 5 2.3 73 5 5 28 63 116.6  200.8 6.7 24.9 25
Ga 1.7 2.6 2.6 1.4 11.9 17 17.4 17.8 11.8 10.1 17.8 16.7 17.5 152
Hf 0.2 0.2 0.2 0.1 0.3 2.6 1.7 2.7 0.3 3.6 2.1 22 2.4 0.5
Nb 0.2 0.2 0.2 0.4 0.2 42 2.4 42 0.2 3.4 3.4 1.2 0.8 0.4
Ni 2370 2240 2670 1954 232 119 240 150 184 174 113 152 129 120
Pb 7 5 5 1.5 5 5 18 5 5 6.2 13.1 10.6 4.7 5
Rb 0.2 0.5 0.2 0.3 0.6 12.2 45 2.5 0.6 27.3 1.3 2.5 1.9 1.3
Sr 335 14.4 2.7 12.9 78.1 526 341 170.5 105 331.8 2583 3136 169.4 120.5
Ta 0.1 0.1 0.1 0.1 0.1 0.3 0.1 0.3 0.1 0.3 0.3 0.1 0.1 0.1
Th 0.05 0.07 0.05 0.2 0.05 0.32 0.12 0.32 0.05 5.1 0.3 0.5 0.5 0.05
U 0.05 0.05 0.05 0.1 0.05 0.12 0.66 0.12 0.05 1.6 0.2 0.2 0.1 0.05
v 23 5 49 52 115 311 253 314 165 182 271 248 266 189
Y 2 2.9 1.2 2.4 16 30 19.5 31.7 29.3 16.1 222 18.3 21.8 12.9
Zn 70 56 48 36 40 83 73 58 37 40 35 8 8 47
Zr 1 3 2 0.5 27 76 62 88 38 128.7 82.7 87.7 96.5 16

Mg#=100Mg/(Mg+Fe*"), assuming Fe?*=0.84 total Fe

fluids/melts into the mantle wedge respectively. Nb, Ti, Zr, P
depletions, low Ce/Pb (0.10-2.82) and high Ba/Nb (2.06-208)
ratios in metaophiolite are the characteristics for the subduc-
tion zone magmatism. Metadunite samples indicate N-MORB
normalized trace element profile similar to metagabbro sam-
ples, as well as an analogous LREE-depleted (Nd and Ce)
chondrite-normalized pattern.

Rare earth element concentration of metaophiolite samples
are given in Table 2. The chondrite-normalized REE patterns
of most metaophiolite samples are generally uniform, except
for one metagabbro sample (sample 1769), and are characte-
rized by relatively flat middle rare earth elements (MREE) to
heavy rare earth elements (HREE), including slightly enriched
or depleted light rare earth elements (LREE; Fig. 8b). One
metagabbro sample (1769) exhibits LREE (light rare earth ele-
ment) enrichment (La,/Yb,=9.09) relative to HREE (heavy
rare earth element). This metagabbro has a geochemical trend
similar to LREE-enriched patterns of ocean island basalt
(OIB; Sun & McDonough 1989). Flat-lying REE patterns are
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similar to those of average N-MORB, displaying that they
may have been derived from a fractional asthenospheric
mantle and formed in a subduction-related setting (Fig. 8b).
Metaophiolite samples have (Eu/Eu*)., ratios between 0.70
and 1.84 and slightly exhibit positive Eu anomalies in general.
Metadunite samples indicates LREE abundances close to
N-MORB.

Discussion
Petrogenesis of the Tozlu metaophiolite

Mineralogical and petrographical results suggest that the
Tozlu metaophiolite in the Kazdag Massif located in north-
western Turkey have a magmatic nature of their protoliths
(basalt, Fig. 7a). Subhedral grain shape and lamellar plagio-
clase grains in less-foliated metagabbros represent the preser-
ved magmatic textures. However, the metamorphic processes
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obliterated the magmatic textures of well-foliated amphi-
bolites.

The ratio/ratio plots of incompatible elements in the meta-
gabbro and metadunite samples (Fig. 9) revealed the mantle
regions of metaophiolite. Nb/Y ratios of metaophiolite
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Fig. 7. a — Rock classification diagram of Nb/Y versus Zr/Ti for
amphibolites (Pearce 1996); b — Th—Co diagram displaying the pro-
tolith of amphibolites (Hastie et al. 2007); ¢ — P,O; versus Zr
discrimination diagram for geochemical affinity (Winchester & Floyd
1976).
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samples are lower than 1 (0.02-0.21) and have an average
Nb/Y ratio of 0.11. However, transitional and alkaline basalts
have higher Nb/Y ratios (>1) (Pearce & Cann 1973). Ti/Y
(29.95-296.92) and Nb/Y (0.01-0.17) ratios exhibit that all of
the analyzed samples derived from tholeiitic magma (Fig. 9a).
Based on their SiO,, MgO, CaO, and TiO, compositions, these
rocks also have a tholeiitic composition, which is very similar
to N-MORB. The Sm/Yb versus Ce/Yb plot shows the mantle
source of the Tozlu metaophiolite, which separates the Mid-
Ocean Ridge Basalt (MORB) and Ocean Island Basalt (OIB)
compositions (Fig. 9b). Metagabbros have low Sm/Yb (0.75—
1.16) and Ce/Sm (1.60—4.88) ratios, except for one sample
(1769), which indicates that they were derived from a more
depleted MORB-like mantle source (Fig. 9b). However, sam-
ple 1769 has high Sm/YDb (4) and Ce/Sm (7.93) ratio that sug-
gests a derivation from melting of an OIB-like enriched mantle
source. The low Sm/Yb (0.42-0.68) and Ce/Sm (2.63-5.56)
ratios from the metadunite samples exhibit that these rocks
were also derived from a depleted MORB-like mantle source.
Moreover, the high Ba/Nb ratios of the metaophiolite samples
reflect the subduction-related component (Pearce et al. 1984;
Saunders & Tarney 1991). In the diagram of Th/Yb — Ta/Yb
including the MORB, OIB array separates intraplate basalts
(enriched mantle) and MORB (depleted mantle) sources
(Pearce 1982; Fig. 9¢). The addition of a subduction compo-
nent via slab-derived melts causes an increase of Th/Yb in the
mantle source (Parlak et al. 2013). The mafic mineral compo-
sition of metagabbros suggests that the melting of metagab-
bros originated in a hydrous mantle source and the water was
thus derived from a subducted slab. Aside from one sample
(sample 1769), all of the metagabbros have lower Th contents
and were derived from a depleted mantle source, which
changed by the addition of a subduction component (Fig. 9c).
On the other hand, the Th/Yb-Ta/Yb diagram indicates a deri-
vation from an enriched mantle source for most of the meta-
dunite samples (Fig. 9¢). This is in concordance with the
diagram of Th/Yb versus Nb/Yb, which shows the meta-
ophiolite samples ploting in the volcanic arc array and above
the MORB-OIB region. This shows that metaophiolite sam-
ples comprise subduction zone components/fluids (Fig. 9d).
Th/Yb-Ta/Yb—Nb/YD ratios designate the influence of a sub-
duction zone regarding the mantle-crust interaction in the
melting (Bonev et al. 2023). Therefore, the Th/Yb and Ta/Yb
ratios indicate that the metaophiolites had originated due to
the metamorphism of MORB-type basaltic protolith during
the intra-oceanic subduction or thrusting. These MORB-type
tholeiitic products were underplated and accreted to the base
of the overriding oceanic plate and then experienced amphi-
bolite-facies metamorphism (Sengiin 2022). This amphibolite-
facies metamorphism of the Tozlu metaophiolite in the Kazdag
Massif resulted from the northward subduction of the Izmir—
Ankara branch of the Neo-Tethyan Ocean under the Sakarya
Zone (Sengiin & Zack 2016). The Tozlu metaophiolite is con-
sidered part of the Paleotethyan Ocean according to the field
relations (e.g., Okay et al. 1996; Okay & Satir 2000b; Duru et
al. 2004; Erdogan et al. 2013). However, there is no age data
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Table 2: Rare earth element (ppm) analyses of metaophiolitic rocks from the Tozlu metaophiolite.

Metadunite Metagabbro

Sample no. 1720 1721 1730 1774 1740 1741 1754 1756 1760 1769 1771 1775A  1775B 1777
ppm

La 0.5 0.5 0.5 0.3 0.5 4.7 22 52 0.5 17.5 5.8 2.5 2.7 0.8
Ce 0.5 1 0.5 0.7 1.1 12.8 5.9 14.1 1.2 43.8 13.9 6.8 7.8 22
Pr 0.08 0.17 0.05 0.11 0.2 2.02 1.03 2.29 0.25 5.9 1.95 0.95 1.19 0.42
Nd 0.5 0.8 0.2 0.6 1.2 10.5 5.8 11.9 1.6 24.1 9.4 5 6.3 2.4
Sm 0.19 0.26 0.09 0.13 0.54 3.43 2.07 3.59 0.75 5.52 2.85 1.52 2.05 0.91
Eu 0.11 0.07 0.03 0.05 0.38 1.47 0.93 1.32 0.48 1.17 1.16 0.84 1 0.56
Gd 0.23 0.32 0.12 0.31 0.74 4.52 2.79 4.58 1.23 4.36 3.59 2.58 3.11 1.47
Tb 0.05 0.06 0.02 0.05 0.16 0.83 0.55 0.79 0.25 0.6 0.63 0.44 0.6 0.28
Dy 0.36 0.47 0.18 0.42 1.14 5.4 3.66 5.33 1.65 3.31 4.18 2.99 4 2.07
Ho 0.08 0.11 0.04 0.1 0.24 1.18 0.77 1.1 0.38 0.55 0.75 0.65 0.84 0.45
Er 0.25 0.35 0.14 0.26 0.75 3.27 2.32 3.39 1.03 1.43 2.48 1.85 231 1.39
Tm 0.04 0.06 0.02 0.05 0.12 0.46 0.35 0.45 0.14 0.22 0.36 0.28 0.34 0.19
Yb 0.28 0.39 0.15 0.31 0.69 2.95 2.28 3 0.92 1.38 2.26 1.74 241 1.22
Lu 0.05 0.07 0.02 0.06 0.1 0.45 0.35 0.46 0.14 0.22 0.36 0.3 0.36 0.18
(La/Yb)en 1.28 0.92 2.39 0.69 0.52 1.14 0.69 1.24 0.39 9.09 1.84 1.03 0.80 0.47
(La/Sm)cn 1.70 1.24 3.59 1.49 0.60 0.89 0.69 0.94 0.43 2.05 1.31 1.06 0.85 0.57
(Gd/Yb)en 0.68 0.68 0.66 0.83 0.89 1.27 1.01 1.26 1.11 2.61 1.31 1.23 1.07 1.00
(La/Y)en 1.66 1.14 2.76 0.83 0.55 1.04 0.75 1.09 0.36 7.20 1.73 0.90 0.82 0.41
(Tb/Yb)en 0.81 0.70 0.61 0.73 1.05 1.28 1.10 1.20 1.24 1.98 1.27 1.15 1.13 1.04
(Tb/Y)en 1.05 0.87 0.70 0.87 1.12 1.16 1.18 1.05 1.13 1.56 1.19 1.01 1.16 0.91
(Eu/Eu*)en 1.61 0.74 0.88 0.73 1.84 1.14 1.18 0.99 1.52 0.70 1.11 1.29 1.21 1.47

for the Tozlu metaophiolite so far. Thus, it is not being com-
pared to the other metaophiolitic rocks in Turkey and the sur-
rounding areas. Many ophiolitic rocks in Turkey are Jurassic
to Cretaceous in age (e.g., Parlak & Delaloye 1999; Robertson
2002; Celik et al. 2006, 2019; Parlak et al. 2013; Ozkan et al.
2022). On the other hand, Middle-Late Paleozoic magmatic
history of metaophiolitic rocks is known in the eastern
Rhodope region (e.g., Bonev et al. 2013, 2019, 2023; Bonev
2015; Peytcheva et al. 2018). Therefore, the Tozlu metaophio-
lite may be correlated with the meta-mafic rocks in the eastern
Rhodope region in terms of lithological, mineralogical, and
geochemical characteristics.

Tectonic setting

The chemical composition of metaophiolitic rocks, espe-
cially incompatible trace and REEs, ensures valuable informa-
tion on the tectonic setting of their protoliths. Therefore,
the trace elements were used for discriminating the tectonic
settings of the metaophiolitic rocks. The tectono-magmatic
discrimination diagrams define an island arc to spreading
ridge settings for the metagabbros and metadunites, where
these rocks correspond to MORB and BABB (back-arc basin
basalts) with arc-related IAT and CAB (calc-alkaline basalts)
areas of (ultra)mafic rocks on the ocean floor (Saunders &
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Tarney 1991; Shervais 2001; Bonev et al. 2013; Fig. 10).
The V-Ti diagram Shervais (1982) comprises island arc tho-
leiite (Ti/V<20), mid-ocean ridge basalts (Ti/V between 20
and 50), and oceanic island basalts (Ti/V>20). The Ti/V ratios
of metagabbros range between 5.92 and 71.39, whereas the
metadunite samples have Ti/V ratios that vary from 2.61 to
47.94. Metaophiolite samples are plotted on the IAT and
MORB-BABB fields based on the diagram of V versus Ti
(Wang et al. 2020; Fig. 10a). The protolith of the metaophio-
litic rocks can be attributed to the SSZ (supra-subduction
zone) origin and were formed in an island arc/back-arc setting.
The presence of negative Nb and Ti anomalies in the meta-
ophiolite samples relative to MORB testifies to the characte-
ristics for the subduction-related magmas. The positive Ta,
Th anomalies, and high Ba/Nb ratios in metaophiolite imply
a connection to arc/back-arc setting. Moreover, the lavas

SENGUN, HASOZBEK and DOGAN-KULAHCI

erupted in back-arc fields might plot in MORB/IAT areas
displaying evidence for island arc/back-arc origin (e.g.,
Saunders & Tarney 1991; Pearce 2003; Dilek et al. 2007,
Bonev et al. 2023). Metagabbros mostly have IAT affinity,
representing the intra-oceanic subduction zone. Similar meta-
mafic rocks were identified from the Armutlu Peninsula in the
north of the Sakarya Zone (Ozbey et al. 2022; Sengiin 2022).
Subduction-initiation related ophiolites largely form a sepa-
rate time trend on this V/Ti diagram, and when the subduction
begins, a progression from more MORB-like to more IAT-like
magmas develops as the subduction effect increases while the
slab subducts far enough to play as a barrier to mantle flow
(Pearce 2014).

The immobile trace element tectonic-environment diagrams
are shown in Fig. 10b, ¢, d. The Zr/Y—Zr tectonic discrimi-
nation diagram (Pearce & Norry 1979) displays island arc to
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Fig. 9. a— Immobile trace element discrimination diagram of Nb/Y—Ti/Y (from Pearce 1982); b — Ce/Sm versus Sm/Yb diagram for source
characteristics of metaophiolite samples; ¢ — Th/Yb versus Ta/Yb source discrimination diagram (from Pearce 1982); d — the diagram of
Th/Yb—Nb/YD for metaophiolite samples (from Pearce 2008). The mantle array includes constructive plate boundary magmas (N-MORB:
normal mid-ocean ridge basalts; E-MORB: enriched mid-ocean ridge basalts; and OIB: ocean island basalts). The vectors S, C, W, and f refer
the subduction component, crustal contamination, within-plate fractionation, and fractional crystallization, respectively (Pearce 2008).
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Fig. 10. Tectonic discrimination diagrams of the metaophiolite samples: a — V-Ti discrimination diagram displaying fields of IAT (island arc
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mid-ocean ridge affinities for the metagabbros of the Tozlu
metaophiolite (Fig. 10b). Most of the metagabbro samples
except for two metagabbros (sample 1769 and sample 1775A)
fall in the supra-subduction zone setting. The supra-subduc-
tion zone ophiolites were formed by the subduction initiation
and then occurred rapid slab rollback, seafloor spreading in
the upper plate, and a generation of melt with MORB-like
compositions in the fore- to back-arc setting in the early phase
of melting (Saunders & Tarney 1991; Dilek & Furnes 2011).
The MORB-IAT signatures are well-known in supra-subduc-
tion zone ophiolites (e.g., Mposkos et al. 1989; Pearce 2003;
Dilek et al. 2007; Dilek & Furnes 2011; Bonev et al. 2013,
2023). The Nb—Zr—Y ternary diagram of Vermeesch (2006)
and Ti—Zr—Y ternary diagram of Pearce & Norry (1979) indi-
cate that the metaophiolite samples plot in the field of MORB-
island arc basalts (Fig. 10c,d). Trace element geochemistry
shows MORB to arc-like supra-subduction zone signatures of

the Tozlu metaophiolite. The Tozlu metaophiolite is asso-
ciated with the metasedimentary succession of platform-
type carbonates and migmatized clastic rocks (the Sarikiz
unit), which fits the interpretation of SSZ origin. The Tozlu
metaophiolite is referred to as a part of the Paleotethyan ocean
and associated platform-type succession with metaclastics
(Sarikiz unit), which resembles the Mesozoic sequence of
the Sakarya continent (Erdogan et al. 2013). Ultramafic rocks
with MORB to supra-subduction zone (SSZ)-like signature
occur in the upper unit of the high-grade metamorphic base-
ment in the eastern Rhodope Massif (Bazylev et al.1999;
Kolcheva et al. 2000). These metaophiolitic rocks have the
MORBY/IAT geochemistry of oceanic crust tholeiite protolith
(Mposkos et al. 1989). The MORB/IAT affinity of meta-
ophiolitic rocks are interpreted as having protoliths gene-
rated in a back-arc rift spreading setting (Bonev et al. 2013,
2023).
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Conclusions

The Tozlu metaophiolite and associated metacarbonate
and migmatized metaclastics occur as a tectonic slice in the
Kazdag Massif located in the northwestern part of Turkey.
The combination of the geochemistry (major, trace, and rare
earth elements) with the petrography of the Tozlu metaophio-
lite in the Kazdag Massif provided significant knowledge
about protolith, petrogenesis, source characteristics, and the
tectonic setting of northwest Turkey. The Tozlu metaophiolite
is mainly composed of metagabbro, banded amphibolite,
metadunite and serpentinite, which experienced amphibolite-
facies metamorphism. Trace element geochemistry displays
tholeiitic affinity of the igneous protoliths of basaltic compo-
sition. Geochemistry of the metaophiolitic rocks indicates that
the metaophiolitic rocks were derived from a tholeiitic magma
and generated in an island arc tectonic setting. Various tectono-
magmatic discrimination diagrams of trace elements define
a mid-ocean ridge basalt (MORB) to volcanic arc (IAT) affi-
nity for the Tozlu metaophiolite, which is certified by LILE
enrichment, HFSE, and HREE depletion relative to N-MORB,
as well as Nb and Ti negative anomalies. The tholeiitic meta-
ophiolitic rocks resulted from the metamorphism of an island
arc-type basaltic protolith and indicate a subduction zone
component based on the Th/Yb and Ta/Yb ratios. The Tozlu
metaophiolite with MORB/IAT affinity testifies to the supra-
subduction zone origin in an island arc/back-arc settings.
The Sarikiz unit is represented by the thick, platform-type,
highly-recrystallized, white marbles that alternate migmatized
metasedimentary rocks unconformably and overlie the Tozlu
metaophiolite, which represent the deposits from different arc/
back-arc regions (e.g., fore-arc or intra-arc). This is consistent
with the interpretation of the SSZ tectonic setting.
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