Turkish Journal of Earth Sciences (Turkish J. Earth Sci.), Vol. 17, 2008, pp. 685-708. Copyright © TUBITAK
First published online 07 April 2008

Detailed Geochemistry and K-Ar Geochronology of the Metamorphic
Sole Rocks and Their Mafic Dykes from the Mersin Ophiolite,
Southern Turkey
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Abstract: The metamorphic sole rocks at the base of mantle peridotites from the Mersin ophiolite consist of amphibolites and
metasedimentary lithologies. Mineral parageneses in the metamorphic sole rocks exhibit amphibolite and greenschist facies
assemblages. Geothermobarometric studies based on mineral assemblages and chemical compositions of minerals indicate that
average metamorphic temperature during the metamorphism was 522 + 15 °C and the pressure was less than 5 kb. Amphibolites
from the metamorphic sole rocks exhibit geochemical characteristics of a supra-subduction zone (SSZ) type ophiolite, based on their
major, trace and rare earth element (REE) compositions. The Th/Nb ratios of the amphibolites are higher than the average mid-ocean
ridge basalt (MORB) and ocean island basalt (OIB) values. This may suggest that they were probably derived from an enriched mantle
source modified by the addition of subduction component. Island arc tholeiite (IAT), OIB and MORB-like geochemistry of the
amphibolites suggest that protoliths of these rocks were formed in a SSZ environment similar to the South Sandwich arc-basin
system from South Atlantic ocean and the Mariana Trough from the Western Pacific. Isolated dolerite dykes intrude both the
metamorphic sole rocks and the ophiolitic units at different structural levels. Dolerite dykes cutting the metamorphic sole rocks
exhibit IAT-like geochemistry. They are enriched in large-ion-lithophile elements (LILE), depleted in high-field-strength elements
(HFSE) and have relatively flat REE patterns, which also confirm their subduction-related origin. Double subduction is inferred here
to explain the generation of the metamorphic sole rocks and dykes in the Neotethyan ocean, since the metamorphic sole rocks exhibit
SSZ characteristics and were intruded by unmetamorphosed IAT-like dolerite dykes.
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Mersin Ofiyolitinden Metamorfik Taban Kayaclari ve Mafik Dayklarin
Ayrintili Jeokimyasi ve K-Ar Jeokronologjisi, Gliney Tiirkiye

Ozet: Mersin ofiyolitine ait manto peridotitlerinin tabaninda yer alan metamorfik taban kayaglari amfibolitlerden ve metasedimanter
litolgjilerden meydana gelir. Metamorfik taban kayaclari icerisindeki mineral birliktelikleri, bu kayaclarin amfibolit ve yesilsist fasiyesi
topluluklari oldugunu gosterir. Mineral topluluklarina ve minerallerin kimyasal bilesimlerine dayali jeotermobarometre calismalart,
metamorfizma esnasindaki metamorfik sicakligin 522 + 15 °C ve basincin 5 kb'dan az olduguna isaret eder. Metamorfik taban
kayaclarindan amfibolitlerin ana, iz ve nadir toprak elementleri bilesimlerine dayali jeokimyasi, bu kayaglarin Yitim Zonu Usti (SSZ)
tipi ofiyolitlerin jeokimyasal 6zelliklerine sahip olduklarini gésterir. Amfibolitlerin Th/Nb oranlari, ortalama deger Okyanus Ortasi Sirti
Bazaltlarindan (MORB) ve Okyanus Adasi Bazaltlarindan (OIB) yiksektir. Bu durum muhtemel olarak bu kayaclarin yitim bileseninin
etkisiyle zenginlesen manto kaynaginin degismesi sonucu olustuklarini gésterir. Amfibolitlerin Adayay: Toleyitleri (IAT), OIB ve MORB
benzeri jeokimyasl, bu kayaclarin kéken kayaclarinin Yitim Zonu Ustii ortam kosullari icerisinde olustuklarini ve Bati Pasifikteki
Mariana Trough ve Giney Atlantik Okyanusunda, Giiney Sandwich yay-basen sistemlerine benzerlik sunduklarini gésterir. izole dolerit
dayklari, metamorfik taban kayaclarina ve ofiyolitik Uniteye farkli yapisal seviyelerde sokulum yaparlar. Metamorfik taban kayaclarini
kesen dolerit dayklari Adayayi Toleyitleri benzeri jeokimya gosterirler. Bu kayaclar LIL elementler bakimindan zenginlesmisler buna
karsin HFS elementler bakimindan tlketilmislerdir. Dolerit dayklarinin géreceli diiz nadir toprak elementleri gidisleri de bu kayaclarin
yitim ile iliskili kdkenlerini teyit eder. Metamorfik taban kayaclarinin SSZ 6zelliklerini gostermeleri ve metamorfik olmayan Adayayi
Toleyitleri benzeri dolerit dayklari tarafindan kesildikleri icin Neotetis Okyanusunda dayklar ve metamorfik taban kayaclarinin
gelisimini aciklamak icin cift yitim sonucuna varilir.

Anahtar Sézcukler: ofiyolit, jeokimya, metamorfik kayag, dayk, Dogu Akdeniz, Neotetis

Introduction

The Tauride belt, as part of the Alpine-Himalayan
mountain system, is one of the best regions to observe
the metamorphic sole rocks and remnants of Cretaceous
ophiolites generated from the Neotethyan ocean. The

ophiolites in this belt (Figure 1a) are located as dispersed
slices on both sides of the Mesozoic Tauride platform
carbonates (Dilek & Moores 1990; Juteau 1980). They
do not exhibit a complete ophiolite stratigraphy. The
deeper parts, such as tectonites, are the best preserved
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Figure 1. (a) Generalized map, modified after Dilek & Moores (1990), showing the distribution of the
Tauride Belt Ophiolites and the main tectonic subdivisions of Turkey. Inset: [AES— zmir-Ankara-
Erzincan suture; NAFZ- North Anatolian Fault Zone; EAFZ- East Anatolian Fault Zone; EF— Ecemis
Fault; DSF- Dead Sea Fault; AHO- Alihoca ophiolite; PKO— Pozanti-Karsanti ophiolite; PO-
Pinarbasi ophiolite; DO- Divrigi ophiolite; (b) simplified geological map of the Mersin ophiolite and
the location of the samples from the metamorphic sole rocks, modified after Parlak & Delaloye
(1999); (c) synthetic log of the Mersin ophiolitic complex, modified from Parlak et al. (1996),
and the rock types of the metamorphic sole rocks (MSR). Mineral abbreviations: hb— hornblende;
pl- plagioclase; px— pyroxene; ep— epidote; bt- biotite; mu— muscovite; qtz— quartz; chl- chlorite;
spn— sphene; ap— apatite; cal- calcite; opg— opaque mineral.

686



O.F. CELIK

and in the upper parts of the assemblage, sheeted dykes
have generally disappeared. However, all these ophiolites
contain metamorphic sole rocks and mélange units, and all
these ophiolites, including the metamorphic sole rocks,
are cross-cut by dolerite, gabbro and pyroxenite dykes.
The isolated dolerite dykes cutting the metamorphic sole
rocks are neither folded nor metamorphosed. Therefore,
dyke injection has been interpreted to have occurred in an
oceanic environment prior to obduction of oceanic crust
onto the Tauride platform carbonates but after ductile
deformation of the metamorphic sole rocks (Lytwyn &
Casey 1995; Parlak & Delaloye 1996; Dilek et al. 1999;
Celik & Delaloye 2003).

The metamorphic sole rocks and the dykes cutting
different parts of the ophiolites provide useful constraints
on the age of intra-oceanic subduction and the
tectonomagmatic evolution of the ophiolites in an oceanic
environment. The metamorphic sole rocks from the
Tauride Belt ophiolites are tectonically located between
mantle peridotites and a mélange unit (Figure 1c), but can
be also observed in the mélange unit as blocks of different
sizes (Celik & Delaloye 2006). The cooling and/or
formation ages of the metamorphic sole rocks from the
Tauride Belt ophiolites range from 91 to 93 Ma, based on
“°Ar-*Ar geochronology (Dilek et al. 1999; Parlak &
Delaloye 1999; Celik et al. 2006). General characteristics
of the metamorphic sole rocks from the Tauride Belt
ophiolites are summarized in Table 1.

There are different arguments in the literature for the
intra-oceanic subduction/obduction events controlling the
origin of the Tauride Belt ophiolites and their metamorphic
sole rocks. For example, Lytwyn & Casey (1995) and Dilek
et al. (1999) suggested that the generation of the Tauride
Belt ophiolites occurred along a mid-ocean ridge system in
the Neotethyan ocean. However, many authors (e.g.,
Pearce et al. 1984; Parlak et al. 1996, 2000, 2002, 2006;
Robertson 2002; Bagci & Parlak 2006; Celik et al. 2006)
argued that generation of the ophiolites occurred in a
supra-subduction zone (SSZ) environment. Also, the
occurence of the metamorphic sole rocks and their dykes
was mostly explained by subduction of a single oceanic
lithosphere in the Neotethyan ocean (Lytwyn & Casey
1995; Polat et al. 1996; Parlak & Delaloye 1996, 1999;
Onen & Hall 2000). Parlak et al. (1995) reported that,
while the metamorphic sole rocks of the Mersin ophiolite
exhibit within plate basalt characteristics (WPB), the
dolerite dykes crosscutting the metamorphic sole rocks, as

well as the Mersin ophiolite itself, present island arc
tholeiite (IAT) affinities.

Backarc basins, such as the Lau and Mariana Trough
from the SSZ systems of the Western Pacific ocean have a
range of rock compositions that, in addition to normal mid-
ocean ridge basalts (N-MORB), include IAT, backarc basin
basalts (BABB), and enriched basalts that comprise ocean
island basalt (OIB), as well as fractionated rocks of these
series (Gribble et al. 1988, 1996; Hawkins 1995a, b,
2003). A similar geochemical range, from MORB to IAT,
was also observed in the South Sandwich arc-basin system
of South Atlantic ocean (Pearce et al. 2000; Leat et al.
2004). Accordingly, the SSZ would be a potential area to
generate metamorphic sole rocks having a variety of
geochemical characteristics.

This study presents geochemical and petrological
characteristics of the metamorphic sole rocks and their
dykes from the Mersin ophiolite. The aim of this study is
to discuss possible generation of the metamorphic sole
rocks in a supra-subduction zone environment.

Geological Setting

The Mersin ophiolite complex, located in the Central
Tauride belt of Turkey, crops out over an area 60 km long,
25 km wide. It is separated from the Eastern Tauride belt
(e.g., Pozanti-Karsanti ophiolite) by the left-lateral Ecemis
fault (Figure 1a). The Mersin ophiolite complex (~ 6 km
thickness), comprises, from bottom to top (Figure 1c), the
Mersin ophiolitic mélange, the metamorphic sole rocks and
the Mersin ophiolite. It tectonically overlies Mesozoic
platform carbonates (Juteau 1980; Dilek & Moores 1990;
Parlak 1996; Parlak et al. 1996).

The Mersin ophiolitic mélange consists of
conglomerates,  sandstones,  shales, = mudstones,
radiolarites, blocks of Permian to Cretaceous limestones,
serpentinized harzburgites, gabbros, basalts, fragments of
metamorphic sole rocks and granitic blocks (Parlak 1996;
Parlak & Delaloye 1996, 1999; Parlak & Robertson
2004).

The metamorphic sole rocks, composed mainly of
amphibolites and micaschists (Table 2), are tectonically
located between the mantle tectonites and the Mersin
ophiolitic mélange. Highly folded and faulted, the
metamorphic sole rocks at the base of the mantle
tectonites have a thickness of about 100 m. They crop out
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in the localities of Findikpinari, Sahna and Arslankoy
(Figure 1b).

The Mersin ophiolite consists of, from bottom to top,
tectonized peridotites (harzburgites and dunites),
ultramafic cumulates (dunite, wehrlite and pyroxenite),
mafic layered cumulates (olivine gabbro, gabbro,
leucogabbro and anorthosite), isotropic gabbros and minor
plagiogranites, and alkaline to tholeiitic basaltic volcanics
in association with deep marine sediments (Parlak 1996)
(Figure 1c). The contacts in the Mersin ophiolite and
surrounding units are all tectonic. Doleritic and gabbroic
dykes cutting the entire ophiolite sequence and the
metamorphic sole rocks do not cut the ophiolitic mélange
and the platform carbonates. The Mersin ophiolite is
unconformably overlain by Late Paleocene sediments
(Avsar 1992).

Analytical Methods

Major and trace element analyses (Table 3) were carried
out by XRF spectrometry at Lausanne University.
Compositions were determined using glass beads fused in
a gold-platinum crucible at 1150 °C made from ignited
powders to which Li,B,0, had been added in a 1:5
proportion of rock to flux. Rare earth elements were
analysed by inductively coupled plasma mass spectrometry
(ICP-MS) at Actilabs, in Ancaster, Ontario). Detection limits
(ppm) and Analytical Uncertainty (%) of the following
elements are: Sc (1.2 ppm, 6.6%), V (1.2 ppm, 3.1%),
Cr (1.1 ppm, 7.4%), Co (1 ppm, 19.4%), Ni (0.9 ppm,
8.1%), Cu (1.1 ppm, 19.6%), Zn (1.1 ppm, 3.8%), Ga
(0.5 ppm, 9.2%), Rb (0.6 ppm, 3.1%), Sr (0.8 ppm,
3.4%), Y (0.8 ppm, 1.6%), Zr (0.7 ppm, 2.4%), Nb (0.6
ppm, 5.8%), Ba (7 ppm, 11.4%), Hf (0.7 ppm, 16.6%),
Pb (1.1 ppm, 8.2%), Th (1.4 ppm, 5.7%), U (0.7 ppm,
22.6%).

Mineral analyses were performed on a Cameca SX50
electron microprobe at University of Lausanne equipped
with wavelength dispersive spectrometry. Operating
conditions were 15KV accelerating voltage and 15 nA
sample current. Counting times of 10-30 s were applied.
The amphibole analyses were re-calculated by using a
spreadsheet program of Tindle & Webb (1994). Results
of mineral analyses are given in Tables 4-7.

K-Ar age measurements were performed at the Geneva
University (Switzerland) Mineralogy Department. The
extracted minerals were obtained by magnetic separation,
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heavy liquids and hand picking under a binocular
microscope in order to produce high-purity mineral
separates (>99%). Potassium concentrations were
measured twice using atomic absorption (Pye-Unicam
8000). The values reported in Table 8 are therefore the
average of the duplicate measurements. Isotope analyses of
argon were made using isotope dilution on an AEI-10-S
mass spectrometer. Constants were those recommended
by Steiger & Jéger (1977). LP-6 and HD-B1 international
standards were used for calibration of the mass
spectrometer response.

Mineralogy and Petrography

The upper part of the metamorphic sole rocks (close to the
mantle tectonites) consists mainly of amphibolites, whereas
the lower part comprises mica schists, calcschists, marble
and quartzite. The mica schists were also observed as small
slices within the amphibolites, as observed in the Pozanti-
Karsanti and Lycian ophiolites (Celik 2002, 2007; Celik &
Delaloye 2003). The foliation in the amphibolites is
common and defined by subparallel alignment of
amphibole-epidote and amphibole-plagioclase
crystalloblasts. The commonest textures of the
amphibolites are granoblastic, nematoblastic and
granonematoblastic.

Based on the classification of Leake et al. (1997), all
amphiboles in the amphibolites and dolerite dykes are calcic
amphiboles. Amphibole compositions (edenite and
magnesio-hornblende) from the amphibolites are
characterized by SiO,= (44.8-46.8 %), Al,O;= (8.7-11.1
%), FeO= (12.7-14.7 %), MgO= (11.5-12.7 %) and
K.0= (0.5-0.8 %). X,, values (Mg/Mg+Fe') of
amphiboles range from 0.58 to 0.67 (Table 4). Pyroxene
in the amphibolites (M-178) was observed as
equidimensional crystalloblasts. In sample (M-178) it is
represented by diopside with Al (0.08-0.1 a.p.f.u.) and Na
(0.04 a.p.f.u.) contents and a higher Si content (1.95-
1.97 a.p.f.u.). Titanite and apatite are the most abundant
accessory minerals in the parageneses. Titanite was
commonly observed along the foliation planes and as
inclusions in the amphibole crystalloblasts. It is also parallel
to the lineation orientation of the amphibole crystalloblast
and may be developed during the deformation stage of the
metamorphic sole rocks. Plagioclase is commonly altered to
saussurite and sericite and generally lacks polysynthetic
twinning. Plagioclases from the amphibolite (M-154) have
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Table 6. Pyroxene analyses from the metamorphic sole rocks and crosscutting dolerite dykes of the Mersin ophiolite.

Sample M-77-3 M-77-4 M-178-1 M-178-2 M-178-3 M-178-4 M-178-5 M-178-6 M-178-7
Rock Type dolerite dolerite amphibolite amphibolite amphibolite amphibolite amphibolite amphibolite = ampbhibolite
Sio, 52.8 52.89 52.42 52.11 51.9 52.6 52.87 52.89 53.03
TiO, 0.37 0.31 0.24 0.29 0.24 0.27 0.25 0.24 0.27
AlL,O,4 217 2.1 2.16 2.16 2.01 2.34 2.13 2.2 2.21
Cr,0, 0.08 0.12 0.03 0.08 0.06 0.12 0.1 0.08 0.16
Fe,04(c) 0.66 n.d 0.74 0.25 1.18 0.16 n.d n.d n.d
FeO(c) 6.96 7.51 7.75 8.05 7.19 8.17 8.2 8.18 8.23
MnO 0.19 0.23 0.3 0.26 0.29 0.29 0.31 0.31 0.27
MgO 16.64 16.67 13.16 12.85 12.97 12.87 13.06 12.97 12.78
Ca0 20.1 19.69 22.2 22.3 22.44 22.42 22.47 22.41 22.5
Na,0 0.19 0.16 0.64 0.6 0.63 0.65 0.61 0.63 0.64
Total 100.16 99.67 99.64 98.96 98.9 99.9 100 99.9 100.1
Si 1.939 1.951 1.958 1.961 1.954 1.960 1.967 1.969 1.971
Ti 0.01 0.009 0.007 0.008 0.007 0.008 0.007 0.007 0.007
AVAIM 0.061 0.049 0.042 0.039 0.046 0.04 0.033 0.031 0.029
Al 0.033 0.042 0.053 0.057 0.043 0.063 0.061 0.066 0.068
Cr 0.002 0.003 0.001 0.002 0.002 0.004 0.003 0.002 0.005
Fe* 0.018 n.d 0.021 0.007 0.033 0.005 n.d n.d n.d
Fe?* 0.214 0.232 0.242 0.253 0.226 0.255 0.255 0.255 0.256
Mn** 0.006 0.007 0.009 0.008 0.009 0.009 0.01 0.01 0.009
Mg 0.911 0.916 0.733 0.721 0.728 0.715 0.724 0.72 0.708
Ca 0.791 0.778 0.888 0.899 0.905 0.895 0.896 0.894 0.896
Na 0.014 0.011 0.046 0.044 0.046 0.047 0.044 0.045 0.046
Sum Cat# 4.000 3.999 4.000 4.000 4.000 4.000 4.000 3.998 3.994
Wo(Ca) 41.283 40.407 47.685 48.002 48.688 48.000 47.764 47.842 48.182
En(Mg) 47.559 47.572 39.325 38.471 39.144 38.342 38.627 38.532 38.059
Fs(Fe®") 11.159 12.021 12.989 13.528 12.168 13.658 13.609 13.626 13.759
Xig 0.81 0.798 0.752 0.74 0.763 0.737 0.739 0.739 0.734

n.d = not detected. (c) = calculated.

an albite (An,_,) composition. However, plagioclase with
andesine and labradorite compositions was commonly
observed in amphibolites from the other metamorphic sole
rocks of the Tauride Belt Ophiolites (Celik 2002; Celik &
Delaloye 2006). Epidote, abundant in the upper part of
the metamorphic sole rocks, occurs as both a primary and
secondary mineral in the amphibolites and is especially
abundant in veinlets.

The lower part of the metamorphic sole rocks is
composed mainly of quartz-feldspar-mica schist,
amphibole-quartz-feldspar-mica schist, quartz-mica schist
and quartzite. The most common texture of the mica
schists is granolepidoblastic. The mineral assemblages in
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the metamorphic sole rocks and their dolerite dykes are
given in Table 2.

Dolerite dykes cutting the metamorphic sole rocks
consist of amphibole, pyroxene, plagioclase, secondary
minerals (e.g., epidote, quartz, chlorite), and accessory
minerals (titanite and ilmenite). The dykes show subophitic
and microgranular textures. Some of the dykes have been
extensively affected by hydrothermal alteration. While
quartz is a minor constituent of the dolerite dykes,
amphibole is abundant: ferro-hornblende, magnesio-
hornblende and actinolite were all observed. Plagioclases
exhibit alteration minerals such as kaolinite and epidote but
fresh plagioclases in the same rocks are also observed,
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Table 8. K-Ar ages and analytical data for the amphibolite and dolerite dykes from the Mersin ophiolite.

Sample Rock Mineral % K “Ar* moles/g x 10" % “Ar*  “Ar/Ar x 10 “°K/*Ar x 10° Age in Ma
M-175 amphibolite hornblende 0.50 8.294 96.0 73.26 125.75 93.8 + 3
M-82 dolerite dyke whole rock 0.97 14.537 91.2 33.58 60.99 84.4 + 3
M-87 dolerite dyke whole rock 1.30 20.514 89.6 28.49 48.30 88.8 + 2

indicating recrystallization during the hydrothermal
alteration phase. Some pyroxenes in the dolerite dykes
occur as relict grains surrounded by reaction rims of green-
brown to green hornblende. Pyroxene is more abundant
in dykes over 30 cm thick. Pyroxenes from the dolerite
dyke sample M-77 are augite in composition. IImenite is
generally observed as dendritic crystals in pyroxene-rich
dolerite dykes. The dykes range from 10 ¢cm to 5-6 m
thick and some exhibit well-developed chilled margins.

Geochemistry

Cr values of the amphibolites in the Mersin ophiolite range
from 55 ppm to 1292 ppm. All the amphibolites are of
igneous origin, based on the Cr-TiO, diagram of Leake
(Leake 1964) (Figure 2a), and are probably derived from
mafic rocks such as basalts and gabbros. The mica schists
were derived from sedimentary and volcano-sedimentary
rocks, as are other mica schists from the metamorphic sole
rocks of the Lycian and Pozanti-Karsanti ophiolites (Celik
2007). On a Na,0 + 31/47K,0 — AL,O, diagram (Fonteilles
1976), the mica schists plot in the fields of lithic sandstone
and greywacke protoliths (Figure 2b).

In the SSZ systems, three different end-member
components can be considered to melt to form MORB, OIB
and [AT basalt compositions and variable mixing between
these three end-member components may form lava
compositions between MORB-0IB and MORB-IAT (Leat et
al. 2000, 2004). On a TiO,-MnO-P,0y diagram (Mullen
1983), amphibolites plot in the ocean island alkali and
tholeiite (OIA, OIT) and island arc tholeiite (IAT) basalt
fields, whereas the dolerite dykes plot mostly in the IAT
field (Figure 3a). The arc signature of the dyke samples is
shown on a Ti-V diagram (Figure 3b), where the
amphibolites are represented by OIB, excluding two
amphibolites and one dolerite sample that exhibit a MORB
signature. On a TiO,-Zr diagram, amphibolites from the
metamorphic sole rocks of the Mersin and other Tauride
Belt ophiolites exhibit SSZ geochemical charactersitics, with
IAT, MORB, and OIB-like affinities and probable mixing of
these end-members (Figure 4a). On the same diagram,
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dolerite dykes from the Mersin ophiolite clearly exhibit an
arc-related origin, as do other dolerite dykes from the
other Tauride Belt ophiolites. According to the Cr-Y
diagram, all the dolerite dykes and one amphibolite sample
(M-157) from the metamorphic sole rocks of the Mersin
ophiolite plot in the IAT field, indicating subduction
influence during their generation (Figure 4b). The dolerite
dykes and the metamorphic sole rocks of the Tauride Belt
Ophiolites  thus have very similar geochemical
characteristics to the volcanic rocks of the active back-arc
spreading centre (East Scotia Ridge) located to the west
of the South Sandwich island arc, based on the Cr-Y and
TiO,-Zr diagrams. The REE patterns of the amphibolites
from the Mersin ophiolite exhibit two different groups
(Figure 5a). The first is characterized by LREE enrichment
typical of WPB (or seamount). In this group, the La/Yb,
ratio of one amphibolite sample (M-78) is 2.05. This
sample should be interpreted as N-MORB or a transition
rock from N-MORB to enriched MORB (E-MORB). The
second group of amphibolites, including the dolerite dykes,
exhibits a relatively flat pattern. Slight depletion in LREE
could be interpreted by derivation from a MORB source.
However, La,/Yb, ratios (0.56—1.29) of the dolerite dykes
(except M-86) and the amphibolites from the second group
are similar to the La,/Yb, ratios (0.63-1.45) of the dolerite
dykes from the Lycian ophiolites, which are located further
west than the Mersin ophiolite. Lead isotope compositions
of the dolerite dykes from the Lycian ophiolites indicate a
subduction-related origin and exclude their derivation solely
from a MORB source (Celik & Chiaradia 2008). The
crystallization age of the dolerite dykes of the Mersin and
the Lycian ophiolites is also similar (Celik et al. 2006). All
these data indicate that the dolerite dykes of the Mersin
ophiolite were formed in a subduction-related
environment. On the N-MORB normalized spider diagram,
the first group of amphibolites exhibits multi-element
patterns more enriched than N-MORB (Figure 5b) and
similar to OIB basalts. The second group of amphibolites
displays slight enrichment in large ion lithophile elements
(LILE; Rb, Th) compared to Nb and REE. Their
compositions, however, are similar to N-MORB or
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Figure 2. (a) Cr versus TiO, for the amphibolites. Outside the ringed
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diagram showing the original sedimentary lithologies of the
mica schists from the metamorphic sole rocks of the Mersin
ophiolite.

transitional between N-MORB and E-MORB. The dolerite
dykes exhibit LILE enrichment (K, Rb, Sr, Ba) relative to
some high-field-strength elements (HFSE) such as Nb, Zr,
Ti (Figure Bc), suggesting that they were formed as IAT-
like dolerites in a subduction related environment.
However, LILE are strongly affected by alteration and
metamorphic processes, therefore characterization and
discrimination of metamorphic and magmatic suites has
been done using trace elements generally considered
relatively stable (immobile) during alteration, such as HFSE
and REE (Beccaluva 1979; Pearce 1982; Thompson
1991). All the dolerite dykes have small negative Eu
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(a) TiO,-MnO-P,0, discrimination diagram (Mullen 1983) for

the amphibolites and the dolerite dykes in the metamorphic
sole rocks of the Mersin ophiolite; (b) Ti versus V diagram
showing tectonomagmatic environment of dolerite and
amphibolite rocks in the metamorphic sole rocks of the Mersin
ophiolite, after Shervais (1982).
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Figure 4. (a) TiO, versus Zr tectonomagmatic discrimination diagram for the metamorphic sole rocks and their crosscutting mafic dykes from
the Tauride Belt ophiolites and the East Scotia Ridge rock samples (shaded) from the South Sandwich arc-basin system. Fields for
MORSB, IAT and OIB after Pearce (1980); (b) Cr-Y plot after Pearce et al. (1981), showing fields for boninite, IAT, and MORB. Data
for the East Scotia Ridge are from Fretzdorff et al. (2002) and Leat et al. (2004). Data for the amphibolites and mafic dykes from
the Tauride Belt Ophiolites are from Lytwyn & Casey (1995), Polat & Casey (1996), Dilek et al. (1999), Celik & Delaloye (2003,

2006), Celik (2007).

anomalies (Eu/Eu* = 0.98-0.87) suggesting plagioclase
fractionation in their origin. However, the amphibolites
exhibit both small negative (0.98-0.87) and positive
(1.13-1.09) Eu anamolies. The latter values should be
consistent with plagioclase accumulation in their protoliths.

The Sm/Yb-Ce/Sm ratio was used to characterize
mantle source regions for the amphibolites and mafic dykes
(Figure 6a). The high Sm/Yb and Ce/Sm ratios of the
amphibolites beneath the Mersin ophiolite and in the mafic
dykes (pyroxenite and dolerite) cutting the amphibolites of
the other Tauride Belt ophiolites suggest that they were
derived from melting of OIB-like enriched mantle source,
whereas the dolerite dykes and some of the amphibolites
with low Sm/Yb and Ce/Sm ratios plot in the field of
tholeiitic amphibolites from the Tauride Belt ophiolites.
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Nb depletion and Th enrichment in volcanic rocks is
typical of a subduction influence (Saunders & Tarney 1979,
1984; Pearce et al. 1984). Moreover, Th is a key element
in subduction zone discrimination and is enriched in all arc
lavas, and so is mobilized in subduction zones, but it is
immobile until the temperature approaches the melting
temperature (Johnson & Plank 1999; Pearce 2003).
Nb/Nd versus Th/Nb ratios were used to show the mantle
source regions and the subduction influence for the
amphibolites and mafic dykes (Figure 6b). Th/Nb ratios of
the most of the amphibolites and mafic dykes are higher
than the average N-MORB and OIB values, suggesting that
the subduction influence was common during the
generation of the mafic dykes and the protoliths of the
amphibolites.
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Figure 5. (a) Chondrite-normalized REE plots for amphibolites and dyke
rocks from the metamorphic sole rocks of the Mersin
ophiolite. Normalizing values are from Sun & McDonough
(1989). Data for the amphibolites and mafic dykes from the
Tauride Belt Ophiolites are from Dilek et al. (1999), Celik &
Delaloye (2003, 2006), Celik (2007); (b, ¢) MORB-
normalized trace element patterns of the amphibolites and
cross-cutting dolerite dykes from the metamorphic sole rocks
of the Mersin ophiolite.

Thermobarometrical and
Investigations

Geochronological

The amphibolites from the metamorphic sole rocks have
restricted mineral assemblages (e.g., hornblende and
plagioclase) and provide only limited information about
their metamorphic conditions.

The Na content in the M4 site of amphibole may be a
useful semi-quantitative geobarometer for amphibolites
formed in amphibolite and greenschist facies (Brown 1977;
Laird et al. 1984). The pressure for the metamorphic sole
rocks, deduced from the proportions of Na**-Al" and Al"-
Si numbers of amphiboles, is less than 5 kb (Figure 7a, b).
These pressure estimates are in agreement with the
compositions of all analysed amphiboles that plot in the
low-pressure (LP) to medium-pressure (MP) domain of
Laird et al. (1984) (Figure 7c). Similar pressure values
were also obtained from the metamorphic sole rocks of
the Beysehir and Pozanti-Karsanti ophiolites (Celik &
Delaloye 2006; Celik 2007). Temperature conditions at
the time of metamorphism for the metamorphic sole rocks
were calculated using the hornblende-plagioclase
thermometer of Holland & Blundy (1994). Sample M-154
consists of hornblende, plagioclase, sphene and opaque
minerals. Since quartz is absent from the assemblage, the
edenite-richterite thermometer was used on the formula.
The calculated temperature is 522 + 15 °C within a 1o
confidence interval.

K-Ar ages may be unreliable, due to mobility of Ar
and/or excess Ar, and should be treated with caution. The
effects of excess Ar and of alteration can be minimized
using the “°Ar/*’Ar method. Therefore, K-Ar ages were
compared with more reliable “’Ar/*°Ar ages in order to
explore their geochronological reliability. K-Ar age
determination on hornblende from sample M-175
(amphibolite) yielded 93.8 + 3 Ma (20) (Table 8). Dilek et
al. (1999) presented “°Ar-*Ar plateau ages of 91.3 + 0.4
and 93.8 + 0.5 Ma for two amphibolites from Mersin
ophiolite, which they interpreted as cooling ages. Parlak et
al. (1995) presented a K-Ar age of 93.4 + 2 Ma for
amphibolites from the Mersin ophiolite. Parlak & Delaloye
(1999) calculated a weighted mean “°Ar-*Ar age of
amphibolites (hornblende) of 92.6 + 0.2 Ma and
interpreted this as the age of the intra-oceanic thrusting,
during which sub-ophiolitic metamorphic sole rocks were
developed. Thus the K-Ar age data (93.8 + 3 Ma) in this
study agrees with previously obtained “°’Ar-*’Ar age data
(Dilek et al. 1999; Parlak & Delaloye 1999). However,
closure temperature of amphibole in the “’Ar-**Ar system
was estimated to be approximately 500-550 °C for
moderate cooling rates (Harrison 1981), and hence the
metamorphic temperature in the sole rocks, calculated as
522 + 15 °C, corresponds to the closure temperature of
amphibole in “°Ar-*’Ar system. Therefore ~ 91-93 Ma
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could also be interpreted as the approximate metamorphic
age of the amphibolites.

Dilek et al. (1999) obtained “°Ar/*°Ar ages of 91.0 +
0.6 Ma from one dolerite dyke from the Mersin ophiolite.
Parlak & Delaloye (1996) also dated dolerite dykes (as
whole rock analyses) from the Mersin Ophiolite using the
“OAr/*°Ar method. They obtained ages ranging from 63.8
+ 0.9 to 89.6 + 0.7 Ma and interpreted these ages as
crystallization ages indicating the time of the dyke
emplacement. Koepke et al. (2002) reported that both the
age and remarkable similarity in composition and structure
of the ophiolites of Karpathos and Rhodes (southern
Aegean islands) to ophiolite occurrences in southern Turkey
demonstrates that they also belong to the Cretaceous
ophiolite belt of the Taurides. They obtained K-Ar ages
from dolerite dykes ranging from 74.5 + 2.2 to 95.3 +
4.2 Ma, with a mean age around 87 Ma. In this study, K-
Ar age determinations on the dolerite dykes cutting the
metamorphic sole rocks yield ages between 88.8 + 2 and
84.4 + 3 Ma (Table 8). As mentioned before, dolerite
dykes in the Mersin ophiolite do not cut the mélange and
platform carbonates. While some of the dykes have chilled
margins, others do not. All of these data from the dolerite
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dykes suggest that dyke injections into the metamorphic
sole rocks of the Mersin ophiolite were common at
different times after the generation of the metamorphic
sole rocks, but predated the emplacement of the Mersin
ophiolite on to the Tauride platform carbonates.

Discussion and Conclusion

The Western Pacific is a natural laboratory for investigating
subduction models and their link to ophiolites. Cenozoic
SSZ systems of the Western Pacific basins include mature
and immature SSZ systems, such as Tonga-Kermadec,
Mariana-Izu-Bonin and Lau. Backarc basin crust forms at
spreading centres that in many backarc basins, erupt
tholeiitic melts with mineral and chemical signatures
ranging from N-MORB to [AT (Hawkins & Melchior 1985;
Gribble et al. 1988, 1996; Hawkins 1995a, b). Seamounts
in the backarc basins range in composition from island arc
chemistry to OIB (Hawkins 2003). The Lau and Mariana
Trough backarc basins contain a wide range of rock
compositions with N-MORB, [AT, BABB and enriched
basalts including OIB, as well as fractionated rocks of these
series (Hawkins 2003). One source of SSZ magmas is
mantle material convectively entrained above a subduction
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Figure 7. (a) Comparison of Na““ and A" for amphibole from amphibolites of the metamorphic sole rocks, after Brown (1977); (b) Al"
versus Si diagram (Raase 1974) for amphiboles in the amphibolites; (c) Amphiboles from the metamorphic sole rocks of the
Mersin ophiolite plotted in the pressure discrimination diagram of Laird et al. (1984).

zone by viscous drag exerted by the subducted plate, and
brought in under the backarc basin (Ewart & Hawkesworth
1987). This ‘new’ mantle may be relatively fertile and
capable of generating N-MORB, E-MORB, or OIB (Hawkins
1976, 1995a, b; lkeda & Yuasa 1989; Hawkins et al.
1990; Volpe et al. 1990).

As indicated in the geochemistry section, the
amphibolites of the metamorphic sole rocks from Tauride
Belt Ophiolites, including the Mersin ophiolite, are generally
metamorphosed equivalents of IAT-, MORB-, E-MORB- and
OIB-type basaltic rocks. Petrographic and geochemical

results of ophiolite-related intrusives and extrusives
suggest that the Late Cretaceous ophiolites of the Tauride
belt were formed in a SSZ environment (Pearce et al.
1984; Parlak et al. 1996, 2002; Celik et al. 2006) (Figure
8a, b). Protoliths of the IAT-, OIB- and MORB-like
amphibolites, as well as fractionated rocks of these series
from the metamorphic sole rocks of the Tauride Belt
Ophiolites are probably generated in the SSZ environment,
as can be observed in the Lau and Mariana Trough from
Western Pacific or in the South Sandwich arc-basin system
of South Atlantic ocean.
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(modified after Parlak et al. 2006); (b) alternative tectonic diagram illustrating a double subduction model for the generation of the
metamorphic sole rocks and cross-cutting mafic dykes from the Tauride Belt ophiolites.

Previous models for generation of the metamorphic
sole rocks and their mafic dykes, as well as the Tauride
Belt Ophiolites in the Neotethyan ocean envisaged only one
subducted oceanic lithosphere (Lytwyn & Casey 1995;
Polat et al. 1996; Parlak & Delaloye 1996, 1999; Onen &
Hall 2000). Most of these studies did not explain the IAT-
like amphibolites in the metamorphic sole rocks, and
instead generally mentioned amphibolites with OIB and
MORB geochemical signatures. [AT-like amphibolites in the
metamorphic sole rocks were recently reported by Celik
(2007), Celik & Delaloye (2003, 2006), and Parlak et al.
(2006), who identified IAT-like amphibolites in the
metamorphic sole rocks of the Divrigi ophiolite. They
suggested that during intraoceanic subduction (Figure 8a,
i), protoliths of the IAT-like amphibolites detached from
the front of the overriding SSZ-type crust and protoliths of
the OIB-like amphibolites from the top of the subducting
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plate were initially subducted and metamorphosed up to
amphibolite facies (Figure 8a, ii). In their tectonic model,
it seems difficult to subduct the protoliths of IAT-like
amphibolites into the subduction zone if they remain part
of the younger and buoyant oceanic lithosphere. As
mentioned earlier, the age of the metamorphic sole rocks
is around 92 Ma and the oldest age data obtained from the
dolerite dykes for the Mersin ophiolite yields 91.0 + 0.6
Ma, so the formation ages of the two different rock types
are very close (~ 1 or 2 Ma) to one another. Although the
metamorphic sole rocks show highly ductile deformation
(e.g. folding structures), the cross-cutting dolerite dykes do
not (Figure 8b, iii). This means that, when the
metamorphic sole rocks were intruded by the dolerite
dykes, they were no longer in a metamorphic environment.
The dolerite dykes cross-cutting the metamorphic sole
rocks in all the Tauride Belt ophiolites show neither ductile
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deformation nor metamorphism. The metamorphic
pressure estimation (~5 kb) suggests depths of around 17
km. Accordingly, the metamorphic sole rocks were
tectonically exhumed from ~17 km towards the oceanic
floor before extensive dyke injections in the Neotethyan
ocean. In the commonly accepted tectonic model, IAT-like
dyke injections into the metamorphic sole rocks (not shown
in the model of Parlak et al. 2006) should be generated via
roll-back and retreat of the subducted lithosphere (Figure
8a, iii). However, it is unclear whether the time period
between the two events (1-2 Ma) is sufficient for the
exhumation of the metamorphic sole rocks and for the roll-
back and retreat of the subducted lithosphere allowing
dolerite dyke injection into the metamorphic sole rocks.

OIB-, IAT- and MORB-like geochemistry from the
metamorphic sole rocks were exclusively observed together
in the same section and at the base of the Lycian ophiolites
in the Koycegiz area (Celik & Delaloye 2003; Celik et al.
2006). This is very important field evidence from the
metamorphic sole rocks that proves that their protoliths
were accreted and metamorphosed together beneath the
same oceanic lithosphere. The age data from the
metamorphic sole rocks also supports their metamorphism
at the same time. The cooling and/or generation ages of the
metamorphic sole rocks exhibiting IAT-, MORB- and OIB-
like geochemistry are similar (Celik 2002) and range from
91 to 93 Ma (Parlak et al. 1995; Dilek et al. 1999; Parlak
& Delaloye 1999; Celik et al. 2006). These age data also
suggest that the SSZ-type ophiolite generation in the
Neotethyan ocean is older (> 93 Ma) than that of the
metamorphic sole rocks, since there are 93 Ma IAT-like
amphibolites in the Lycian ophiolites. As the weakest part
of the SSZ, the axial ridge of the backarc basin would be
emplaced as young, hot, ocean crust on a low-angle thrust
over colder ocean crust and set up conditions for inverted
metamorphic gradients on the sole of the thrust zone
(Hawkins 2003). Geothermobarometric studies for the
metamorphic sole rocks from the Mersin ophiolite suggest
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