
introduction

Ophiolites are remnants of oceanic lithosphere formed at
mid-ocean ridges and in marginal sea basins (pre-arc, fore-
arc or backarc basins) (e.g., Dilek and Furnes, 2011). The
magmatic products in the crustal parts of ophiolites can pro-
vide significant information on the melt generation at differ-
ent stages of evolving lithosphere. The geochemical charac-
teristics of the basic volcanic rocks forming the crustal part
of the oceanic lithosphere can yield critical information con-
cerning the original tectonic setting of the ophiolite com-
plexes. These characteristics are controlled by parameters
such as the rate of seafloor spreading, geometry of ridge
system, the proximity of a spreading centre to a plume or a
trench, the mantle composition, temperature and fertility
during partial melting, and the availability of fluids (Dilek
and Furnes, 2014). Additionally, they also contribute to the
interpretation of the time-dependent evolution of arc-basin
systems in the formation of the oceanic crust (Shervais,
2001; Pearce, 2003).

The focus of this study, the Çetmi Ophiolite, is located
within the Biga Peninsula in northwest Anatolia (Kaaden,
1959; Bingöl et al., 1975; Okay et al., 1990; 1996; Ercan et
al., 1995; Picket and Robertson, 1996; Beccaletto, 2003).
The ophiolite is part of the Intra-Pontide Suture (IPS) Zone,
i.e. one of the branches of the Neotethys Ocean (Fig. 1a;
Şengör and Yılmaz, 1981) that lies between the Istanbul-
Zonguldak terrane to the north and the Sakarya terrane to
the south of Anatolia (e.g., Göncüoğlu et al., 1997; 2000).
The area is composed of rocks with diverse age and origins
derived from deformed and/or metamorphic units and ophi-
olites originated from the closure of the Neotethys oceanic
basin (e.g., Göncüoğlu et al., 2008). The IPS Zone, its geo-
logical setting, age and evolution have been previously dis-
cussed by many researchers (e.g., Göncüoğlu and Erendil,

1990; Yılmaz et al., 1997; Elmas et al., 1997; Yiğitbaş et al.,
1999; Robertson and Ustaömer, 2004; Akbayram et al.,
2012). This whole zone, in the Biga Peninsula is described
as Çetmi Ophiolitic Mélange (ÇOM). The ÇOM has a com-
plex internal structure and emplaced the region as the rem-
nant of the Intra-Pontide Ocean during Late Cretaceous
(e.g., Okay, 1987; Okay et al., 1990).

These mélanges usually occur in the oceanic trenches
when tectonic deformation mixes rocks chaotically (Hamil-
ton, 1969; Dewey and Bird, 1971; Hall, 1976). Even though
the mélanges are widely distributed, their recognition, ori-
gin, deformation mechanism and tectonic meaning have al-
ways been controversial (Silver and Beutner, 1980; Ray-
mond and Terranova, 1984). The study of magmatic rocks
in the ÇOM helps understanding the magmatic and geody-
namic evolution of the ophiolites in the IPS Zone. Previous
studies indicated that basalts of the mélange were originated
in volcanic arc or within plate environment (Beccaletto,
2003). This study aims to decipher the nature of mantle
source, geodynamic environment and the Intra-Pontide
oceanic crust evolution by using whole-rock major, trace
and REE and Sr-Nd-Pb isotopic data determined on the
COMvolcanic rocks in the Biga Peninsula.

GeoloGical SettinG

The Biga Peninsula in NW Anatolia is located to the
west of the Sakarya terrane, south of the Rhodope and Ser-
bo-Macedonian massifs in Greece and the Thrace Tertiary
basin (Fig. 1a; Okay et al., 1990). It displays a complex ge-
ology containing a wide variety of metamorphic, magmatic
and sedimentary rock units. There are four different tectonic
zones, i.e., Gelibolu, Ezine, Ayvacık-Karabiga and Sakarya
from NW to SE in the Gelibolu and Biga Peninsulas. The
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ABSTRACT

The different geochemical characteristics of the extrusive rocks of the Çetmi Ophiolitic Mélange (ÇOM) a remnant of the Intra-Pontide Suture (IPS) in the
Biga Peninsula, NW Turkey, evidence the episodic formation of oceanic crust. Geochemically, volcanic rocks are divided into three groups: ocean island
basalts (OIB), enriched mid-ocean ridge basalts (E-MORB) and basalts with supra-subduction zone (SSZ) affinity. While the OIB type samples were pro-
duced by small degrees partial melting from an enriched source, the E-MORB type samples point to mixing of enriched and depleted sources. In the OIB-type
samples, the depletion of Zr and Hf compared to Nd as well as enrichment of Nb-Ta are attributed to presence of the amphibole in the mantle source. Radi-
ogenic Pb isotope compositions towards EMII support metasomatic processes related to fractionation in the mantle reservoir. The SSZ samples are character-
ized by enriched light rare earth elements (LREE) and depleted high field strength elements (HFSE). The trace element characteristics of the SSZ samples in-
dicate that a depleted MORB mantle source interacted with subduction-derived fluids due to the slab dehydration processes. Besides, the Sr-Nd-Pb isotope
characteristics suggest that these samples originated from a MORB-type mantle source metasomatized by fluids or melts from subducted sediments. The ma-
jor, trace element and isotopic data of the volcanic rocks in the ÇOM indicate that the oceanic lithosphere is generated along a SSZ-type spreading centre at an
arc-basin system within the Intra-Pontide Ocean.
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Fig. 1 - a) Distribution of Neotethyan ophiolites in the Eastern Mediterranean region (Dilek and Flower, 2003); b) Geological map of the Biga
Peninsula (simplified from Okay and Satır, 2000a); c, d) Geological map and sample locations of the northern and southern Çetmi Mélange, respec-
tively (Beccaletto et al., 2005). 
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basement of the Çetmi Ophiolite is composed of the Kazdağ
Metamorphic Complex, Karakaya Complex - Ezine Group,
Çamlıca and Kemer metamorphics and pre-Late Cretaceous
ophiolitic rocks (Fig. 1b; Okay et al., 1990). 

Lithological units of the ÇOM includes spilites,
greywackes, pelagic shales, serpentinites and radiolarites
(Okay, 1987; Okay et al., 1990). The greywacke-shales are
always found in tectonic contact with other lithologies, and
form the mélange matrix. This association crops out be-
tween Boztepe-Çetmibaşıyörükleri to the north, in the north
of Eskibalıklı, and Kırca to the south (Beccaletto, 2003).
The Çetmi Mélange is located in the two different regions of
the west of Karabiga in the north of the Biga Peninsula
(Fig.1c) and between Bayramiç and Küçükkuyu in the south
(Fig. 1d; Beccaletto et al., 2005, Aygün et al., 2012). The
volcanic rocks, which are the most common lithology of the
mélange in both regions, are spilitic and occur as tectonic
slices (Okay et al., 1990). In some sections, sheet flows with
massive volcanic structure can be explained by higher effu-
sion rates compared to the formation of pillow lavas. Vari-
ous limestone blocks from Late Triassic to Late Cretaceous
are also identified in tectonic contact with the spilitic basalts
(Beccaletto, 2003).

The mélange crops out in the western part of Karabiga,
Karapürçek Village, Hacıdede and Kız Hills, and tectonical-
ly overlies the Çamlıca Metamorphics. (Fig 1c). The Kara-
biga Granitoids cuts the mélange intrusively. Where the
granitoids are intruded into limestones, contact metamor-
phism results in skarn formation and crystallization of gar-
net, pyroxene and epidote associated with large calcite crys-
tals. (e.g., Güçtekin et al., 2004). In addition, sandstone-
shale alternations, radiolarite-chert and serpentinite slices
are observed in the mélange. Partly spilitic volcanic rocks
form large part of the mélange in Eskibalıklı, north of
Çakırlı and in west of Karabiga (Okay et al., 1990; Becca-
letto, 2003). These volcanics are dark green to black fine-
grained massive rocks with widespread fracturation and oc-
currence of amygdalae. 

North of Küçükkuyu, the mélange is commonly found
west of the metamorphic rocks belonging to the Kazdağ
Metamorphic Complex and displays a complex and imbricat-
ed inner structure (Fig. 1d). Here, mélange slices are bounded
by NE-trending steeply dipping faults. Spilitic basalts and py-
roclastic rocks are accompanied by Late Triassic, Late Juras-
sic-Early Cretaceous and Late Cretaceous limestone blocks,
shales and greywackes with minor serpentinite, radiolarian
chert, garnet micaschist and eclogite slices (Okay et al.,
1990). Late Oligocene-Miocene magmatic rocks both cut and
overly the Çetmi Mélange in this area. The volcanic rocks of
mélange are found as tectonic slices south of Kutluoba, south
of Kirca and north of Küçükkuyu, where they mimic the out-
crops observed at west in Karabiga (Beccaletto, 2003). 

Beccaletto et al. (2005) obtained six different radiolaria
ages from deep water sediments in the Çetmi Mélange from
late Bajocian to Aptian. The origin of the mélange was pre-
viously attributed to the Intra-Pontide Ocean (Şengör and
Yilmaz, 1981).

PetroGraPhY

The extrusive rocks of the Çetmi Mélange are basalts,
basaltic andesites and alkali basalts. Although basalts and
basaltic andesites are mineralogically and texturally indistin-
guishable, they are identified based on Nb/Y vs. Zr/Ti ratios

(Fig. 2a). Basalts and basaltic andesites have dominantly
aphyric, hyalopilitic and pylotaxitic and rarely weakly por-
phyritic textures. Plagioclase and clinopyroxenes are main
phases, and olivine, orthopyroxene and Fe-Ti oxide minerals
are minor phases. Modal abundances of phenocrysts of sam-
ples are ~50-55 vol% plagioclase, ~25-30 vol % clinopyrox-
ene, ~8-10 vol % orthopyroxene, ~3-5 vol % olivine, and ~4-
6 vol% Fe-Ti oxide. Pyroxenes occur as small euhedral/sub-
hedral phenocrysts compared to plagioclase; they sometimes
display oscillatory zoning. The groundmass consists of pla-
gioclase, clinopyroxene, Fe-Ti oxide. The samples also con-
tain albite, chlorite, epidote, quartz, calcite, actinolite and
iron oxide minerals, which are by-products of sea-floor hy-
drothermal alteration. Fractures and vesicles generally are
filled with calcite and fibrous chlorite.

Intergranular and intersertal textures are generally ob-
served in alkali basalts. The ratio of phenocrysts to matrix is
up to 25%. Phenocrysts, in decreasing order of abundance,
consist of plagioclase (~ 46 vol%), clinopyroxene (~ 37
vol%), olivine (~ 16 vol%) and Fe-Ti oxides (~ 3 vol%).
Olivine phenocrysts are euhedral to subhedral, minor round-
ed olivine is ~ 1 mm across. Glomeroporphyritic clusters of
plagioclase, pyroxene and olivine also occur. Seafloor hy-
drothermal alteration of basalts resulted in overprint of pri-
mary phases by secondary minerals. This process caused
formation of sericite and carbonate in plagioclases, uralitiza-
tion of pyroxenes and serpentinization of olivines. The vol-
canics commonly show carbonates filling the cracks and fi-
brous chlorite fillings the vesicles.

analytical techniques

A selected set of 25 relatively fresh samples were ana-
lyzed at ACME Analytical Laboratories Vancouver (Cana-
da) to determine major and trace-element compositions. 0.2
g of rock-powder was fused with 1.5 g LiBO2 and dissolved
in 100 ml 5% HNO3. Loss on ignition (LOI) was deter-
mined on the dried samples heated to a temperature of 1000
°C. Rare earth elements (REE) analyses were performed by
ICP-MS at ACME. Detection limits ranged from 0.01 to 0.1
wt% for major oxides, from 0.1 to 10 ppm for trace ele-
ments, and from 0.01 to 0.5 ppm for REE. The major and
trace element contents and the sample locations are given in
Table 1.

Eight samples were also analyzed at the Radiogenic Iso-
tope Laboratory of the METU Central Laboratory to deter-
mine Sr-Nd isotopic compositions following procedures
given in Köksal and Göncüoğlu, (2008). Isotope ratios were
measured using a Triton Multi-Collector Thermal Ionization
Mass Spectrometer. Analytical uncertainties are given at 2-
sigma level. The USGS reference material BCR-1 resulted
in 87Sr/86Sr = 0.705014±5 and 143Nd/144Nd = 0.512638±4.
Seven of the samples analysed for Sr-Nd isotope composi-
tions were also tested for Pb isotope ratios at the Laboratoire
G-Time at the Department of Earth and Environmental Sci-
ences of the “Université Libre de Bruxelles” (Belgium). To
remove alteration and any potential contamination, a leach-
ing procedure was applied to powdered whole rock samples
(250 mg), with repeated additions of 6N sub-boiled HCl (5-
6 times) followed by 30-minutes ultrasonic baths until the
solution was clear. The reference values are from Weiss et
al. (2006). Analyses of the SRM981 Pb standard solution
were performed and yielded 208Pb/204Pb = 36.7174±47 (2σ),
207Pb/204Pb = 15.4978±13 (2σ), and 206Pb/204Pb =
16.9408±20 (2σ). 
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effects of alteration

The samples show low to high loss on ignition values
(LOI: 0.6-9.7 wt%, Table 1), clearly reflecting presence of
hydrothermal overprint recognized during petrographic in-
vestigation. Although this alteration can mobilize some of
the major as well as the LILE elements (Ba, Rb, Th, Sr, U
and K), HFS elements (Y, Zr, Nb, Ta, Ti and REE) may be
considered immobile (Pearce and Cann, 1973; Floyd and
Winchester, 1978). Thus, in order to discuss geochemical
and petrogenetic characteristics of the investigated volcanic
rocks, we considered REE and HFSE concentrations.

major and trace element compositions

The SiO2 contents of the volcanic rocks range from 48.20
to 58.11%. In the Nb/Y vs. Zr/Ti diagram (Pearce, 1996), the
samples fall into the alkaline basalt, basalt and basaltic an-
desite areas (Fig. 2a). Some of the samples in the Nb/Y-
Zr/(P2O5*10.000) diagram (Fig. 2b; Floyd and Winchester,
1975) display an alkaline affinity. Immobile trace element
ratio of Zr vs. Y (Fig 2b; after Ross and Bedard, 2009) indi-
cates a calc-alkaline to transitional trend for sub-alkaline vol-
canic rocks. In Zr-Th-Nb ternary plot (Wood, 1980), some
samples are also classified as within-plate OIB, while others
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Table 1 - Whole-rock major and trace element compositions of the volcanic rocks from the ÇOM.
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characterized by relative enrichment in Th present in subduc-
tion-related basalts plot in the field of volcanic arc basalts
(Fig 2c). In the (Th)N vs. (Nb)N diagram (Saccani, 2015), the
samples plot in calc-alkaline basalt, alkali basalt and E-
MORB basalt fields (Fig 2d). All these data indicate that the
volcanic rocks of the ÇOM can be divided into three groups:
1) enriched mid-ocean ridge basalt (E-MORB)-type, 2)
ocean island basalt (OIB)-type and 3) supra-subduction zone
(SSZ)-type. The volcanic rocks with OIB affinity contain
high TiO2 (1.64-2.70 wt.%), whereas the E-MORB samples
have intermediate TiO2 (1.10-1.16 wt.%). The SSZ rocks

have low TiO2 contents ranging from 0.36 to 1.09 wt.%. 
In the REE diagram normalized to chondrite, the OIB

and E-MORB samples form subparallel patterns, with
LREE enrichment compared to the heavy rare earth ele-
ments (HREE) (Fig. 3a). The HREE and the LREE concen-
trations of the OIB rocks are approximately 10 and 100
times higher than those of C1 chondrite, respectively. In the
OIB-like samples, (La/Sm)N (~ 3.0) and (La/Yb)N (~ 6.8) ra-
tios are as high as the average OIB values (Sun and McDo-
nough, 1989). E-MORB-type rocks exhibit flat to slightly
enriched LREE patterns ((La/Sm)N = 1.26-2.27 and
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Table 1 (continued)
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(La/Yb)N = 1.36-3.93). The SSZ rocks contain partially en-
riched REE and high LREE concentrations ((La/Sm)N =
2.31-4.68 and (La/Yb)N = 3.18-10.75). These evolved lavas
have almost parallel REE patterns and exhibit 30 to 100
times higher enrichment concentrations with respect to C1
chondrite (Fig. 3b). In addition, the evolved SSZ samples
have lower MgO (1.52-5.45 wt.%) and mg-number (Mg-
number=100Mg/(Mg/Fe; 31-53). The REE patterns show
slightly negative Eu anomalies (Eu/Eu* = 0.75-0.94) which
may be related to plagioclase fractionation. 

As a whole, the E-MORB-type samples fall in the range
of OIB and E-MORB compositions in the N-MORB-normal-
ized multiple element diagrams (Fig. 3c). These samples are
characterized by LREE enrichment and HREE depletion rel-
ative to average N-MORB [average (La/Yb)N ratios of 2.6].
However, the ratio of Nb/La (1.42-1.97) is higher than aver-
age N-MORB (0.83; Saunders and Tarney, 1984), and the
Th/Sm ratios (0.41-0.62) are higher than average N-MORB
(0.046; Sun and McDonough, 1989). The samples of OIB-
type are distinguished by significant enrichment in incompat-
ible elements. Such samples mostly fall between enriched
MORB (e.g., E-MORB) and average OIB (Fig 3c). The most
important characteristics are positive Nb and Ta anomalies
that reflect high Nb/La (1.20-1.59) ratios. High Th/Sm ratios
(0.69-0.89) indicate enrichment in the LIL elements. 

The SSZ-type rocks show depletion in HFS elements,
such as Ta and Nb in MORB-normalized multi-element dia-
grams (Fig. 3d). 

Sr-nd-Pb isotopic compositions

The Sr-Nd-Pb isotopic data for the volcanic rocks of the
ÇOM are listed in Table 2. While the Sr and Nd isotope ra-
tios in these rocks show a wide range of 0.705776-0.710165
and 0.512507-0.512908, respectively, Pb isotopic data vary
in a narrow range. The initial isotopic compositions were re-
calculated at 100 Ma (early to middle Albian; Beccaletto et
al., 2005) according to the greywacke-shale association, the
youngest lithology constituting the matrix of mélange.
These sediments are in tectonic contact with basaltic rocks
around Çetmibaşıyörükleri in the north of the mélange (Bec-
caletto et al., 2005). 100 Ma therefore represents a minium
age correction. However, small changes in the initial ratios
do not significantly affect the isotopic signatures of the
mantle sources. The initial Sr-Nd isotope ratios are
(87Sr/86Sr)i 0.705064 and 0.707060, (143Nd/144Nd)i 0.512633
and 0.512789 for the OIB and E-MORB samples; a relative-
ly broad interval of initial 87Sr/86Sr (0.705350-0.706013)
and 143Nd/144Nd (0.512409-0.512681) have been found for
the SSZ-type samples. Initial Pb isotopes are (206Pb/204Pb)i
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Fig. 2 - a) Zr/Ti versus Nb/Y classification diagram after Pearce (1996); b) Nb/Y vs. Zr/(P2O5 x 10.000) diagram (after Floyd and Winchester, 1975), Inset di-
agram shows variation of Zr vs. Y for the sub-alkaline volcanic rocks; c) Zr/117-Nb/16-Th diagram showing the basaltic rocks of this study with respect to the
fields for ocean island basalt (OIB), volcanic-arc basalt (VAB), normal (N) MORB and enriched (E) MORB (after Wood, 1980); d) ThN vs. NbN diagram
(Saccani, 2015) showing data of the ÇOM volcanic rocks. Th and Nb are normalized to the N-MORB composition of Sun & McDonough (1989). SSZ-E-
supra-subduction zone enrichment; AFC- assimilation-fractional crystallization; OIB-CE- ocean island-type (plume-type) component enrichment; FC- frac-
tional crystallization; MORB- mid-ocean ridge basalt; G-MORB- garnet-influenced MORB; N-MORB- normal-type MORB; E-MORB- enriched-type
MORB; P-MORB- plume-type MORB; Ab- alkaline ocean-island basalt; IAT- low-Ti, island arc tholeiite; BON- very low-Ti, boninitic basalt; CAB- calc-al-
kaline basalt; MTB- medium-Ti basalt; D-MORB- depleted-type MORB; BABB- back arc basin basalt. 
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Fig. 3 - Chondrite-normalized REE and N-type MORB normalized multi-element patterns compositions of the ÇOM volcanic rocks. Chondrite normalized
REE patterns for a) OIB, E-MORB and b) SSZ. N-MORB normalized multi-element patterns for c) OIB, E-MORB and d) SSZ. Average N-MORB, E-MORB
and OIB compositions (Sun and McDonough, 1989) were plotted in the diagrams for comparison. Chondrite normalizing values are from Boynton (1984). 

Fig. 4 - a) (87Sr/86Sr)i vs. (143Nd/144Nd)i, b) (206Pb/204Pb)i vs. (143Nd/144Nd)i, c) (206Pb/204Pb)i vs. (207Pb/204Pb)i and d) (206Pb/204Pb)i vs. (208Pb/204Pb)i isotope
correlation diagrams for the volcanic rocks from the ÇOM. The field of HIMU, OIB, Dupal OIB, EM1 and EM2 are from Hawkesworth et al. (1984),
Hart (1984; 1988), Hamelin and Allègre (1985), Hart et al. (1986) and Weaver (1991). The LoNd array and Northern Hemisphere Reference Line
(NHRL) are from Hart (1984) and Hart et al. (1986). The fields of Indian Ocean MORB, Atlantic–Pacific MORB and Kerguelen are from Hamelin and
Allègre (1985), Barling and Goldstein (1990), Deniel (1998) and references therein.

02Guctekin 117 COLORE_Layout 1  23/07/18  13:01  Pagina 123



18.6572 and 18.7031, (207Pb/204Pb)i 15.6235 and 15.6564
and (208Pb/204Pb)i 38.8787 and 38.7548 for the OIB and E-
MORB-type samples, and in the range of (206Pb/204Pb)i

18.6715-19.4510, (207Pb/204Pb)i 15.6405-15.6749 and
(208Pb/204Pb)i 38.6231-38.7146 for the SSZ-type samples.

Hydrothermal alteration of the oceanic crust can increase
the 87Sr/86Sr ratios of oceanic rocks (McCulloch et al., 1981,
Godard et al., 2006), whereas Nd is relatively immobile in
fluids (Faure and Mensing, 2004) if the water/rock ratio with
alteration does not exceed 105. For this reason, we conclude
that the 143Nd/144Nd ratios of the samples were not signifi-
cantly changed by seawater alteration. On the other hand, as
U and Pb are mobile during hydrothermal alteration process-
es, the Pb isotopic composition may be affected (Faure and
Mensing, 2004); in particular, the addition of U may increase
the ratio of 206Pb/204Pb over time. Th is relatively immobile
and the low abundance of 235U, 207Pb/204Pb and 208Pb/204Pb
ratios reflect the isotopic composition of the mantle source
(Hauff et al., 2003; Liu et al., 2013).

For comparison, Sr-Nd diagram shows the fields for com-
mon isotopic reservoir (Fig. 4a). In the 143Nd/144Nd versus
87Sr/86Sr correlation plot, the volcanic rocks of the Çetmi

Ophiolitic Mélange have distinctly different Nd isotopic com-
positions. The range of Nd isotopes can explain mixed mantle
components in the source region. The highest Sr isotope ra-
tios are shown by one sample (sample C-21). These high Sr
isotope ratios may reflect the addition of Sr from seawater
during post-magmatic alteration or the addition of radiogenic
Sr to the source of the primary mantle by fluids derived from
the dehydrating slab. In the (143Nd/144Nd)i vs (206Pb/204Pb)i di-
agram, the isotopic ratios of the samples cluster between the
Bulk Silica Earth (BSE) and MORB fields indicating that the
samples may derived from enriched source (Fig. 4b).

In the (207Pb/204Pb)i-(
206Pb/204Pb)i isotope diagram, the

volcanic rocks of this study plot at the right of the geochron,
above the NHRL and LoNd array (Fig. 4c; Hart, 1984; Hart
et al., 1986); a broad trend towards EMII reference reservoir
can be also observed. In the correlation diagrams of
(208Pb/204Pb)i vs (206Pb/204Pb)i the rock samples plot above
the OIB and MORBs field, which imply derivation from a
MORB mantle source and the possible involvement of mod-
ern marine sediments (Fig 4d). The trend toward the sedi-
ments in the diagram is an important characteristic of the is-
land arc and some back arc volcanism. 
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Table 2- Sr, Nd and Pb isotopic compositions of the volcanic rocks from the ÇOM.
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Source characteristics of the volcanic rocks

The geochemical characteristics described above indicate
that volcanic rocks of the Çetmi Mélange have OIB, E-
MORB and SSZ-signatures. Isotopic compositions of some
of the samples plot close to the MORB field and within OIB
field (Fig. 4). In order to determine the source characteris-
tics of the volcanic rocks, such as E-MORB and OIB, highly
incompatible to moderately incompatible element ratios
(La/Sm vs. La and La/Yb vs. Zr/Nb, e.g., Aldanmaz, et al.,
2000; Aldanmaz et al., 2006) were used (Fig. 5a, b). Ac-
cording to the diagrams based on these ratios, the E-MORB
and OIB-type samples have higher La/Yb and lower Zr/Nb
ratios than those that can be produced by single stage partial
melting from common mantle sources such as DMM and
PM. It also indicates that the OIB samples may be generated
with a low-degree partial melting (~ 5-8%) of the enriched
source. Some OIB samples of the Çetmi Mélange plot close
to the mantle array and follow the melting curve drawn for
spinel-lherzolite mantle source. One sample with E-MORB
composition is the result of a mixing between enriched and
depleted mantle source. On the other hand, slightly negative
ΔHf for the OIB and E-MORB samples (Fig. 5d) and the
depletion of Zr and Hf (Fig. 3c) relative to Nd indicate the
involvement of subduction-derived aqueous fluids. Such
trace element characteristics of the E-MORB-OIB-type
samples show that they can occur in the vicinity of subduc-
tion. Percolation and differentiation of a melt produced by a
low degree partial melting of a MORB mantle or of a slight-

ly enriched mantle source may create metasomatic veins as
a potential source for OIB (Pilet et al., 2005). In these sam-
ples, Pb isotope compositions towards the EMII (Fig. 4c, d)
indicate the differentiation by long-term Pb evolution in the
generation of the mantle reservoir (Seal et al., 1998). This
process, which generates different vein compositions within
the lithosphere, leads to a decrease in U/Pb, Th/Pb and an
increase of Pb from the bottom to top of oceanic lithosphere
prior to subduction (Pilet et al., 2005). The continuous
change of U/Pb and Th/Pb from the bottom to the top of the
lithosphere causes a decrease in 206Pb/204Pb in relation to an
increase in 207Pb/206 and 208Pb/206Pb after the sufficient isola-
tion period. Pilet et al. (2005) suggested that EMII end
member isotopic and chemical compositions are produced
by the trace element fractionation and the metasomatic
processes in the lithosphere. For these samples, the Nb-Ta
peaks can be explained by the presence of amphibole in the
source, possibly occurring in veins. Melting of amphibole-
bearing veins, which have lower solidus temperature than
peridotite in the metasomatized lithospheric mantle, may
causes Nb-Ta peaks in the OIB-type samples. During the
magma ascent, these melts can produce enriched MORB
magmas due to mixing with the depleted mantle melts (e.g.,
Wong, et al., 2010). 

The SSZ-type samples are characterized by LREE en-
richment and HFSE depletion, such as Nb-Ta negative
anomalies (Fig. 3d), indicating interaction with slab-derived
fluids into the mantle source. The SSZ volanics show a
slight calc-alkaline affinity with Ta, Nb and Ti depletion.
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Fig. 5 - a) Plot of La vs. La/Sm; b) Plot of La/Yb vs. Zr/Nb (after Aldanmaz et al., 2008; melt curves obtained for non-modal batch melting model by Aldan-
maz et al., 2006). Numbers on curves indicate degree of partial melting. DM, depleted mantle; PM, primitive mantle; EM, enriched mantle, c) (Hf/Sm)N vs.
(Ta/La)N diagram (LaFlèche et al., 1998). Normalization values are from Sun and McDonough (1989), d) Nd/Yb-Hf/Yb variation diagram (after Pearce et al.,
1999). The curves are mixing trends between DM (depleted mantle) and subducted pelagic sediment modeled with a mass fraction from 0.05 to 0.2 of subduc-
tion component in the mantle. Ratios for Hf and Nd between subduction component and mantle are represented by rHf and rNd. (Please refer to the reference
paper for definitions and modeling method).
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This may imply that the mantle source was depleted by pre-
vious melt extraction events (Pearce, 1982). The depletion
of Ta and Hf relative to La and Sm, respectively, is thought
to be the result of fluid-related metasomatism through sub-
duction. These rocks have (Ta/La)N ratios ranging from 0.17
to 0.65 and (Hf/Sm)N ratios ranging from 0.48 to 1.45, plot-
ting along the trajectory between MORB and metasoma-
tized components in (Ta/La)N and (Hf/Sm)N diagrams (Fig.
5c; e.g., La Flèche et al., 1998).

Alternatively, Hf-Nd trace element systems can be used
to constrain the involvement of subduction-derived material.
Although HFSE and REE generally behave similarly during
partial melting of MORB and OIB mantle source, the HFSE
anomalies are due to different behaviour of these groups of
elements in subduction systems (e.g., Thirlwall et al., 1994;
Pearce and Peate, 1995). Both fluids released from the slab
during dehydration or silicate melts generated by partial
melting of the slab components can be considered as slab-
derived components. Since Nd is generally more soluble in
siliceous melts and aqueous fluids than Hf, Hf-Nd variations
can provide constraints on the origin of the subduction com-
ponent. Therefore, Hf cannot be easily transported to the
mantle wedge by slab dehydrated fluids (e.g., Barry et al.,
2006). In the Nd/Yb vs Hf/Yb diagram proposed by Pearce
et al. (1999), the displacement from the mantle trend show-
ing the average MORB-OIB composition (shaded area) is
denoted by ΔHf (+ and Hf anomaly) and ΔNd (- and Hf
anomaly) (Fig. 5d). ΔHf and ΔNd thus define the extent of
the positive and negative displacements of the samples.
Most of the SSZ samples from the ÇOM show negative ΔHf
trends. The negative ΔHf anomalies indicate that SSZ vol-
canics are the product of a depleted MORB mantle that in-
teracted with subduction fluids due to slab dehydration.
However, slightly positive and negative ΔHf anomalies are
observed in some samples. The enrichment of Hf relative to
the REE may be explained by fractional crystallization of
low-Mg amphibole (Pearce et al., 1999). These magmas
were likely originated from mantle wedge metasomatized
by the slab-derived material, since the formation of low-Mg
amphibole may be facilitated by infiltration of silica rich
aqueous fluids or water-rich silicic melt (Ionov and Hof-
mann, 1995; Laurora et al., 2001). In addition, most of the
SSZ-type lavas have relatively low εNd(i) values and radi-
ogenic Pb isotope ratios close to a MORB source that is
contaminated by subduction-related components. As a
whole, the Sr-Nd-Pb isotope compositions point to the in-
volvement of crustal (sedimentary) components (Fig. 4).

GeodYnamic imPlicationS

Ophiolites are formed in oceanic spreading ridges, hot
spots, and suprasubduction zone (SSZ) environments, such
as intra-oceanic arcs, continental arcs, forearcs, and back-
arcs (e.g., Pearce, 2008; Dilek and Furnes, 2011; Saccani,
2015). Magmatic rocks in ophiolites provide valuable infor-
mation about crustal accretion processes in different
tectono-magmatic environments. The scattered outcrops of
the ÇOM on the Biga and Gelibolu Peninsula are interpreted
as remnants of the Intra-Pontide suture between the Sakarya
terrane in the southeast and the Rhodope domain in the
northwest of the region (Siyako et al., 1989; Okay and
Tüysüz, 1999; Beccaletto et al., 2005). In addition, the Çet-
mi Mélange in the Biga Peninsula may represent the west-
ernmost outcrops of the IPS, as firstly suggested by

Göncüoğlu et al. (1997). This suture formed as a result of
the northward subduction of the Intra-Pontide Ocean during
the Cretaceous (Bergougnan, 1975; Koçyigit, 1991; Okay
and Şahintürk, 1997; Okay and Tüysüz, 1999). During the
collision between the Rhodope-Istranca Massif and the
Ezine-Sakarya terrane in the Late Paleocene, the accre-
tionary prism represented by the ÇOM was pushed south-
east and tectonically covered a part of the Ezine and
Sakarya terranes. The youngest lithology of the mélange is
the early to middle Albian greywacke-shale association ma-
trix (Beccaletto, et al., 2005). The lack of radiometric ages
for the different tyes of volcanic rocks occurring as tectonic
slices in the mélange, prevents to assess the temporal geo-
chemical variations of the magmatic events that occur
throughout the whole history of the ophiolite formation.
However, it is possible to identify the mantle source charac-
teristics and the geodynamic setting responsible for the for-
mation of the oceanic crust fragments found in the mélange.

The geochemical signatures of the magmatic rocks in the
ophiolites can give information about the tectonic setting of
the primary magma source. In the Y vs. La/Nb (Fig. 6a,
Floyd et al., 1991), Zr vs. V/Ti (Fig. 6b, Woodhead et al.,
1993), Zr vs. Zr/Y (Fig. 6c, Pearce and Norry, 1979) and V
vs. Ti/1000 (Fig. 6d, Shervais, 1982) tectonic discrimination
diagrams, the basaltic rock samples from the ÇOM fall in
the MORB, back-arc basin basalt (BABB) and island arc
basalt (IAB) fields (Fig. 6). The different geochemical char-
acteristics of the basaltic rocks in the mélange indicate that
the oceanic crust formation occurs in more than one stage.
Although subduction-related affinity rocks dominate in
back-arc basins, MORB and OIB-type extrusive rocks may
also occur in back-arc basins (e.g., Saunders and Tarney
1984; Aldanmaz et al., 2008). Such MORB/OIB to island
arc geochemical features with source heterogeneity are the
characteristic of the ophiolites formed in back-arc basins
(e.g., Pearce et al., 1984; Gribble et al., 1998; Sinton et al.,
2003). The dominant BABB type rocks showing some E-
MORB and OIB-like affinity reflect back-arc environments
(Pearce et al., 1994), while spreading axis close to the arc-
trench system are characterized by the transition between
the N-MORB and IAB signatures. In addition, the composi-
tional diversity of the back-arc basin lavas is explained by
the source heterogeneity which indicates a variable mixing
of fertile mantle, depleted mantle and slab-derived compo-
nents (Taylor and Martinez, 2003; Kuzmichev et al., 2005).

In an island arc-back-arc system, magmatic activity oc-
curs both along island arc and the spreading centre of the
BAB. The BAB rifting begins at a region close to the axis of
magmatic arc and gradually moves away from the subduc-
tion zone and the axis along with the spread of the BAB
(Taylor and Martinez, 2003). Thus, depending on the stage
of development of the BAB, the geochemical characteristics
varying from the IAB to MORB are determined by the inter-
action between the mantle and the subduction zone compo-
nents (e.g., Stern et al., 1990). According to Pearce (2008),
the back-arc basalts have MORB (OIB) affinity if the source
region is not affected by the subduction components; how-
ever, deviation from typical MORB-OIB compositions in-
creases with increasing involvement of subduction-related
components.

The occurrence of MORB-OIB rocks in the Çetmi
Mélange indicates interaction of two different sources char-
acterized by a mixture of enriched and depleted mantle do-
mains. Eruption of enriched OIB-type rocks is not only lim-
ited to intraplate plume-related settings but they can be
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found also in both fast- and slow-spreading ridges (Niu et
al., 1999; Hemond et al., 2006; Nauret et al., 2006). Metaso-
matic amphibole-bearing veins can be produced within the
oceanic lithosphere by infiltration of low-degree melts. Geo-
chemical characteristics of E-MORB and OIB-type samples
may be explained by decompression melting of previously-
metasomatized ancient lithospheric blocks in a back-arc
spreading centre. 

In SSZ-type volcanic rocks, relative depletion in HFSE
elements (such as Nb-Ta) and enrichment in Th compared
to N-MORB are usually observed, indicating a subduction-
modified upper mantle source. The LILE/HFSE and
HFSE/LFSE ratios in the SSZ samples with slight calc-alka-
line affinity are very similar to those observed in modern in-
tra-oceanic arcs (e.g., Middle Jurassic ophiolites in the
South Apuseni Mountains: Nicolae and Saccani, 2003). The
high Th and LREE contents and highly radiogenic Pb iso-
topic composition of the samples compared to MORB are
similar to the trace element and isotope values of the global
pelagic sediments. Such high Pb isotopic ratios and high Th
and LREE trace element characteristics indicate the contri-
bution of subducted sediments to the mantle source. SSZ-
type volcanic rocks with arc affinity are derived by interac-
tion between MORB-like mantle in the extensional back-arc
setting and the subduction components (Stern et al., 1990;
Gribble et al., 1996; Pearce and Stern, 2006). For this rea-
son, SSZ-type volcanic rocks are thought to have been pro-
duced by the melting of a depleted mantle source contami-
nated by the hydrothermal slab-derived fluids in a back-arc
basin environment.

The westernmost outcrops of the IPS zone are represented
by the ÇOM on the Biga Peninsula; however, in the north-

western and central Turkey, the IPS zone is characterized by
several bodies of ophiolite-bearing mélanges that crop out
from the Armutlu Peninsula to the Araç Area (Göncüoğlu et
al., 2014). This zone also consists of a west-east-trending
oceanic domain that extended from the Balkans to the central
Anatolia (Marroni et al., 2014). While several researchers
have suggested that the Izmir-Ankara-Erzincan Suture Zone
represents the eastern extension of the Balkan ophiolites,
Bortolotti et al. (2013) suggest a very similar geodynamic
evolution of the Intra-Pontide and the Vardar Oceanic Basin.
Although characterized by the occurrence of CAB, BABB
and N-MORBs, similar examples of continental arc-back-arc
settings are common in the Mesozoic peri-Mediterranean
Tethys, particularly in the Vardar zone (e.g., Bortolotti et al.,
2002; Nicolae and Saccani, 2003; Saccani et al., 2008 ;
Schmid et al., 2008; Hoeck et al., 2009; Ionescu et al., 2009).
According to the geochemical characteristics of the volcanic
rocks of the ÇOM, closure of the Intra-Pontide Ocean in the
western Anatolia was related to an intra-oceanic subduction
generating an arc-basin system.

concluSionS

The major, trace element and Sr-Nd-Pb isotopic charac-
teristics of the volcanic rocks of the ÇOM indicate OIB, E-
MORB and SSZ-type formations. In the OIB type rocks, the
depletion in Zr and Hf relative to Nd and the slightly nega-
tive ΔHf show the effect of slab-derived fluids in the source
regions. The E-MORB affinity samples indicate a mixing of
enriched and depleted sources, while the OIB samples are
produced by lower degrees of melting of an enriched source.
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Fig. 6 - Tectonic discrimination diagrams for the volcanic rocks from the ÇOM. a) La/Nb vs. Y (Floyd et al., 1991); b) Zr vs. V/Ti (Woodhead et al., 1993); c)
Zr vs. Zr/Y (Pearce and Norry, 1979; revised from Floyd et al., 1991); d) V vs. Ti/1000 (Shervais, 1982) plots.
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In the OIB type rocks, the Nb-Ta positive anomalies suggest
a source characterized by the presence of amphibole in en-
riched domains due to the metasomatic processes in the
oceanic lithospheric mantle. The high Pb isotope ratios shift-
ed towards EMII in OIB and E-MORB samples are consis-
tent with metasomatic processes in the oceanic lithosphere.
The SSZ-type samples, which constitute most of the samples
in the mélange, are characterized by enrichment in LREE
and depletion in HFSE such as Nb-Ta negative anomalies,
possibly indicating the involvement of slab-derived fluids in-
stead of melts derived from oceanic crust and/or sediments.
High LILE and depletion in HFSE as well as Sr-Nd-Pb iso-
topic signatures of the SSZ-type volcanic rocks indicate de-
rivation of the magmas from a depleted MORB-type mantle
contaminated by subducted components. Source heterogene-
ity related to variable mixing of mantle source indicates that
the volcanic rocks of the ÇOM which is well represent the
westernmost outcrop of Intra Pontide Suture in Biga Penin-
sula were generated in a arc-basin system.
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