
Lithos 172-173 (2013) 98–117

Contents lists available at SciVerse ScienceDirect

Lithos

j ourna l homepage: www.e lsev ie r .com/ locate / l i thos
Petrogenesis of the post-collisional volcanic rocks from the Borçka (Artvin) area:
Implications for the evolution of the Eocene magmatism in the Eastern
Pontides (NE Turkey)

Emre Aydınçakır a,⁎, Cüneyt Şen b

a Department of Geological Engineering, Gümüşhane University, TR-29000, Gümüşhane, Turkey
b Department of Geological Engineering, Karadeniz Technical University, TR-61080, Trabzon, Turkey
⁎ Corresponding author. Tel.: +90 4562337425; fax:
E-mail address: emre@gumushane.edu.tr (E. Aydınç

0024-4937/$ – see front matter © 2013 Elsevier B.V. All
http://dx.doi.org/10.1016/j.lithos.2013.04.007
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 4 December 2012
Accepted 3 April 2013
Available online 10 April 2013

Keywords:
Sr–Nd isotopes
Post-collisional setting
40Ar–39Ar geochronology
Borçka area
Eastern Pontides
NE-Turkey
Whole-rock geochemistry, 40Ar–39Ar data, and Sr–Nd isotopes are presented for the Eocene Borçka volcanic
rocks on the eastern corner of the eastern Pontide orogenic belt (NE Turkey). Borçka (Artvin) volcanic rocks
are divided into three suites—basic dyke, Borçka basalt, and Civanköy suite. These rocks contain plagioclase
(An49–88), clinopyroxene (Wo38–49En38–54Fs8–25), hornblende (Mg# = 0.57–0.74) phenocrysts, and magne-
tite/titanomagnetite and apatite microphenocrysts. 40Ar–39Ar ages on hornblendes, ranging from 46.9 ± 0.1
to 39.9 ± 0.5 Ma, within the middle Eocene. The volcanic rocks show tholeiitic-calc-alkaline affinities and
have low-to-medium K contents. They are enriched in large ion lithophile (LILE) and light rare earth elements
(LREE), with pronounced depleted high field strength elements (HFSE). The chondrite-normalized REE patterns
(Lacn/Lucn = 1–19) show low-to-medium enrichment, indicating similar sources for the rock suite. Initial
87Sr/86Sr values [(87Sr/86Sr)46 Ma] vary between 0.70423 and 0.70495, while initial 143Nd/144Nd values
[(143Nd/144Nd)46 Ma] lie between 0.51263 and 0.51285. The main solidification processes involved in the
evolution of the volcanics consist of fractional crystallization, withminor amounts of crustal contamination.
All our evidences support the conclusion that the parental magma of the rocks probably derived from an
enriched mantle, previously metasomatized by fluids derived from subducted slab, in a post-collisional,
extension-related geodynamic setting.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The Eastern Pontides form the northernmargin of Anatolia, strad-
dling the North Anatolian Transform fault, and rising steeply inland
from the Black Sea coast (Fig. 1a). The Eastern Pontides represent a
well-preserved arc system (Okay and Şahintürk, 1997; Şengör and
Yılmaz, 1981; Yılmaz et al., 1997) resulting from the northward sub-
duction of the Neo-Tethyan oceanic crust beneath the Eurasian plate
(Fig. 1a). The Eurasian plate collided with the Tauride–Anatolide
platform in the late Paleocene–early Eocene time, leading to the for-
mation of the İzmir–Ankara–Erzincan suture (IAES) zone (Boztuğ et
al., 2004; Karsli et al., 2011; Okay and Şahintürk, 1997; Şengör and
Yılmaz, 1981; Topuz et al., 2011; Yılmaz et al., 1997). The Eastern
Pontides are characterized by three volcanic cycles developed during
the Liassic, late Cretaceous, and Eocene periods (Arslan et al., 1997;
Çamur et al., 1996; Kandemir, 2004).

Eocene volcano-sedimentary and intrusive rocks cover an exten-
sive area in Turkey (Arslan et al., 2013; Kaygusuz et al., 2011; Keskin
et al., 2008; Robertson et al., 2006; Temizel and Arslan, 2009;
+90 456 2337567.
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Temizel et al., 2012; Yiğitbaş and Yılmaz, 1996), in the Caucasus
(Adamia et al., 1977; Bazhenov and Burtman, 2002; Dilek et al.,
2010; Vincent et al., 2005; Yılmaz et al., 2000), and in Iran
(Ramezani and Tucker, 2003; Stöcklin, 1971) (Fig. 1a). In Turkey,
such rocks occur on both the tectonic divide between the Pontides
and the Anatolide–Tauride Block. The southern boundary of the
Eocene igneous and volcano-sedimentary rocks is represented by
the Bitlis–Zagros suture (BZS). Such a distribution implies that the
Eocene magmatism in northern Turkey is post-collisional products
with regard to the IAES, as formerly implied by Tokel (1977). Some
recent models have suggested that the widespread Eocene mag-
matism constitutes from a (1) collisional slab break-off beneath the
IAES (Altunkaynak, 2007; Boztuğ et al., 2007; Dilek et al., 2010),
(2) that back-arc extensional/transtensional events related to the
northward subduction along the Bitlis–Zagros suture (Robertson et
al., 2006, 2007), and (3) post-collisional crustal thickening (Karsli
et al., 2011; Topuz et al., 2005, 2011) and delamination of the thick-
ened crust along the IAES (Karsli et al., 2010b; Temizel et al., 2012).
In addition early Cenozoic geodynamics of the Eastern Pontides is
still debated.

This study can provide important clues for understanding the
petrogenetic processes of Eocene volcanic rocks in the Borçka region
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Fig. 1. a) Regional tectonic setting of Turkey with main blocks in relation to the Afro-Arabian and Eurasian plates. b) Simplified geological map of the Eastern Pontides.
Panel a: modified from Okay and Tüysüz (1999); panel b: after the geological map with a scale 1:500,000; MTA (2002).
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(Figs. 1 and 2). We utilize new 40Ar–39Ar geochronological,
whole-rock geochemical, and Sr–Nd isotopic compositional data
from the early Cenozoic, Borçka volcanic rocks from the northern
part of the Eastern Pontides. Our objectives are to clarify the petro-
genesis and tectonomagmatic evolution of the volcanic rocks in the
region and to characterize the geodynamic evolution of the Eastern
Pontides during the Eocene. Finally, we propose a tectono-magmatic
model for generation of Borçka volcanic rocks in the Eastern Pontides,
NE Turkey

2. Geological setting of the Eastern Pontides

Anatolia is made up of four major tectonic blocks or terranes that
are separated by the suture zones (Okay and Tüysüz, 1999; Fig. 1a).



Fig. 2. Simplified geological map of the Borçka (Artvin) area.
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The Eastern Pontides is a subset of the Sakarya zone, which is one of
the major tectonic units of Turkey (Fig. 1a). The basement rocks of
the Eastern Pontides are late Carboniferous granitoids, along with
early Carboniferous metamorphic rocks (Dokuz, 2011; Kaygusuz et
al., 2012; Okay, 1996; Topuz et al., 2007, 2010; Yılmaz, 1972) and
late Carboniferous to early Permian, shallow marine-to-terrigenous
sedimentary rocks (Çapkınoğlu, 2003; Kandemir and Lerosey-Aubril,
2011; Okay and Leven, 1996; Okay and Şahintürk, 1997; Robinson et al.,
1995). The Permian and Triassic events are poorly recorded in the
eastern part of the Sakarya zone due to the absence of rock formation
during this time. Early Jurassic rocks were characterized by the break-
up of a continental margin that rift-related volcano-sedimentary units
(Dokuz and Tanyolu, 2006; Kandemir, 2004; Kandemir and Yılmaz,
2009) and basic volcanic rocks (Arslan et al., 1997; Şen, 2007) were
formed. There are also late Jurassic granitoids and associated dacites
that were emplaced into the Şenköy formation during the middle-late
Jurassic (Dokuz et al., 2010). These granitoids are interpreted as being
theproducts of an arc–continent collision event, in response to the closure
of Paleotethys during themiddle Jurassic and the accretion of the Sakarya
zone to Laurasia in the north (Dokuz et al., 2010; Şengör and Yılmaz,
1981; Şengör et al., 1980; Yılmaz et al., 1997).

During the late Cretaceous, a thick unit of arc-type volcanics and in-
trusive rockswere emplaced into the Eastern Pontides crust in response
to the northward subduction of the Neotethyan oceanic crust along the
southern border of the Sakarya zone (Akın, 1979; Karsli et al., 2010a,
2012b; Okay and Şahintürk, 1999; Şengör et al., 2003; Topuz et al.,
2007; Ustaömer and Robertson, 2010). Themagmatic arc is represented
by amore than 2 km-thick volcano-sedimentary sequence in the north-
ern part of the Eastern Pontides, with the local intrusion of hornblende–
biotite granitoids (Boztuğ andHarlavan, 2008; Boztuğ et al., 2006; Karsli
et al., 2004; Kaygusuz and Aydınçakır, 2009, 2011; Kaygusuz et al.,
2008; Yılmaz and Boztuğ, 1996). The southern part was in a fore-arc
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phase where flyschoid sedimentary rocks with limestone olistoliths
were deposited. The Paleocene period in the Eastern Pontides is attrib-
uted to a continent–continent collision between the Pontides and the
Tauride–Anatolide block due to the complete closure of Neotethys.
Early Cenozoic adakitic rocks, pointing to a syn- to post-collision
phase, have been reported in the region (Karsli et al., 2010b, 2011;
Topuz et al., 2005, 2011). The Middle Eocene time is characterized by
volcanic (Arslan and Aliyazıcıoğlu, 2001; Arslan et al., 2013; Aslan,
2010; Çoban, 1997; Kaygusuz et al., 2011; Şen et al., 1998; Temizel
and Arslan, 2009; Temizel et al., 2012; Tokel, 1977) and granitoids
rocks (Arslan and Aslan, 2006; Karsli et al., 2007, 2012a; Yılmaz and
Boztuğ, 1996) (Fig. 1b). Post Eocene terrigenous units are also observed
in the area (Okay and Şahintürk, 1997). The Neogene alkaline volcanics
are ascribed to post-collision extensional tectonic settings (Aydin et al.,
2008, 2009).

The study area, Borçka region, is located at the east part of the
Eastern Pontides in NE Turkey (Figs. 1 and 2). The main strati-
graphic units in the investigated area made up of those from the
late Cretaceous age, the oldest to the youngest—the Kızılkaya For-
mation, the Çağlayan Formation, and the Bakırköy Formation—all
unconformably by Eocene-aged Borçka volcanic rocks (Fig. 2).
The Kızılkaya Formation is composed of dacitic–rhyodacitic lavas and
pyroclastic rocks. The Kızılkaya Formation represents the lowermost
level of the study area. The Kızılkaya Formation is covered by the
Çağlayan Formation in the study area. The Çağlayan Formation is com-
posed of mainly basalt and pyroclastic, interbedded with gray-reddish
micritic limestone, sandy limestone, marl, and sandstone volcano-
sedimentary sequence. The age of the unit is late Santonian–Campanian
or Campanian (Aydınçakır, 2012; Yılmaz et al., 1997). This unit is over-
lain unconformably by The Bakırköy Formation. This formation is com-
posed of interbedded sandstone, sandy limestone, marl, and limestone.
The age of the unit is Paleocene–early Eocene (Yılmaz et al., 1997). The
Eocene aged part of the Borçka volcanic rocks, which rest unconform-
ably on the late Cretaceous units, consists mainly of andesite, basalt,
and associated pyroclastic rocks (tuff, breccia, and agglomerate) and
pillow lavas. Basaltic lavas and breccias are outcropped in the Borçka
area. Basalt lavas and breccias are dominant lithology within the se-
quence. Basaltic and andesitic breccias (5–35 cm in diameter) are in-
cluded in the clast, ranging in size from 2 to 4 cm in diameter. The
tuffs are a light brown-beige colored and medium-to-thick bedded
(15–50 cm), and contain light greenish-gray and reddish marl levels.
These tuffs may be classified as clastic lithic tuff. All these units are
unconformably overlain by Quaternary alluvium (Fig. 2). In this
study, Eocene-aged units of Borçka volcanic rocks were examined
in detail.

3. Analytical methods

140 thin sections from the Borçka volcanic rocks were micro-
scopically examined, and selected fresh samples were analyzed for
mineral chemistry, whole-rock major and trace elements, Sr–Nd
isotope compositions, and were dated using a 40Ar–39Ar laser probe
technique.

3.1. Whole-rock major and trace element analyses

Thirty-three samples were selected for major and trace element
analysis. To prepare the rock powders, 0.5–1 kg of the fresh samples
was crushed in a steel crusher, and then, the samples were ground in
an agate mill to obtain grain sizes of b200 mesh. The major and trace
element contents were determined at the commercial ACME Labora-
tories Ltd in Vancouver, Canada. The major element oxides of the
samples were measured by ICP-ES for major oxides (0.2 g pulp sam-
ple by LiBO2 fusion). The detection limits are approximately
0.001–0.1 wt.%. For the trace elements, 0.2 g of the sample powder
and 1.5 g of LiBO2 flux were mixed in a graphite crucible and
subsequently heated to 1050 °C for 15 min in a muffle furnace. The
molten sample was then dissolved in 100 mL of %5 HNO3. Sample so-
lutions were shaken for 2 h, and then, an aliquot was poured into a
polypropylene test tube and aspirated into the Perkin-Elmer Elan
600 ICP mass spectrometer. Calibration and verification standards
(STD SO 18), together with reagent blanks, were added to the sample
sequence. The detection limits determine the range from 0.01 to
0.5 ppm for most trace elements.

3.2. Microprobe analyses

Mineral compositions were determined on a polished thin section
using a Cameca SX-100 electron microprobe at the Institute of Miner-
alogy and Petrology in Hamburg University (Germany), equipped
with five wavelength-dispersive spectrometers. The analytical condi-
tions were 15 kV accelerating voltage, 20 nA beam current, and 20 s
counting time.

3.3. Sr–Nd isotope analyses

Nd and Sr isotope analyses were conducted at the Institute of
Geology and Geophysics, Chinese Academy of Sciences (Beijing).
Samples were dissolved using acid (HF + HCIO4) in sealed Savillex
beakers on a hot plate for one week. The separation of Rb, Sr, and
light REE was achieved through a cation-exchange column (packed
with BioRad AG 50W-X8 resin). Sm and Nd were further purified
using a second cation-exchange column that was conditioned
and eluted with diluted HCI. Mass analyses were conducted using
a multi-collector VG354 mass spectrometer, as described by Qiao
(1988). 87Sr/86Sr and 143Nd/144Nd ratios were corrected for mass frac-
tionation relative to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, re-
spectively. Finally, the 87Sr/86Sr ratios were adjusted to the NBS-987 Sr
standard = 0.710250, and the 143Nd/144Nd ratios to the La Jolla Nd
standard = 0.511860. The uncertainties in concentration analyses by
isotopic dilution are 2% for Rb, 0.5% for Sr, and 0.2–0.5% for Sm and
Nd, depending upon the concentration levels. Procedural blanks are:
Rb = 80 pg, Sr = 300 pg, Sm = 50 pg, and Nd = 50–100 pg. The
detailed explanation of sample preparation, errors, and analytical preci-
sion is provided in Zhang et al. (2002).

3.4. 40Ar–39Ar dating

Hornblende grains were separated from the Borçka volcanic
rocks for 40Ar–39Ar dating. The samples were crushed and the
80–100 μm size fractions were separated. Approximately 2 mg of
hornblende was packaged in pure aluminum foil for each sample
(in duplicate). The foil packets were placed in evacuated quartz
tubes and irradiated in the 49-2 nuclear reactor at the Institute of
Chinese Atomic Energy (48 h 06 m). Neutron flux variation (J)
was measured using the standard mineral, Zhoukoudian biotite
(ZBH-25, Age:132 Ma). All age estimates include uncertainties at
the value of (J). After irradiation, the sample packets were opened
and the hornblende placed into 2 mm-diameter wells in a copper
disk and heated to total fusion using the New Wave Research CO2

laser instrument connected to a GV 5400 Noble Gas MS at Peking
University. The extraction Line (Zr–Al) is similar to the equipment
used in the Berkeley Geochronology Center; measurements were
performed on an automatic 40Ar–39Ar laser-probe dating system,
with multiple grain fusions analyzed. The details of the Ar isotope
analyses are similar to those reported by Hall and Farrell (1995).
All analyses were corrected for fusion-system blank levels at the
five Ar mass positions: blanks were run for every three analyses.
Blank levels were approximately 3.9 × 10−16 mol at 40Ar and
1.8 × 10−17 mol at 36Ar. Data processing was similar to that de-
scribed by Nomade et al. (2005).
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4. Results

4.1. Petrography and mineral composition

The Eocene aged units of the Borçka volcanic rocks studied aremain-
ly Borçka basalt (basaltic lava and pillow lava), Civanköy suite (basaltic–
Fig. 3. Photomicrograph showing textural relationships of the volcanics. The featu
andesitic breccia and tuff), and basaltic dyke. They show porphyric,
microlitic–porphyric, hyalo-microlitic porphyric, hyalopilitic, poikilitic,
glomeroporphyric and rarely intersertal, intergranular, and fluidal tex-
tures (Fig. 3).

The Borçka basaltic rocks were examined in terms of their tex-
tures and mineralogical compositions. Typical mineral assemblages
res are clinopyroxene (Cpx), hornblende (Hbl), plagioclase (Pl), opaque (Op).
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in the rocks are plagioclase, clinopyroxene, hornblende, and Fe–Ti
oxide. Plagioclases range from labradorite to bytownite (Fig. 4a
and Supplementary Table 1) in composition (An64–87), occur mainly
as euhedral-to-subhedral crystals, and are present both as phenocrysts
and microlites in the glassy-fluidal groundmass (Fig. 3a). Plagioclases
also exhibit albite twinning and oscillatory zoning. Clinopyroxenes
(Wo38–47En38–54Fs10–18) are euhedral-to-subhedral grains, and are
diopside-augite (Morimoto, 1988; Fig. 4b; Supplementary Table 1). Horn-
blende (Mg# = 0.83–0.96) occurs as euhedral-to-subhedral crystals, and
are magnesio-hastingsite (Fig. 4c; Supplementary Table 1) in composi-
tion based on nomenclature of Leake et al. (1997). Hornblende
is, in many cases, characterized by opaque rims and chloritization
(Fig 3d). The Fe–Ti oxides are magnetite–titanomagnetite (Supplemen-
tary Table 1). The groundmass is composed of subhedral plagioclase
microlites and glass.

The Civanköy Suite—basaltic–andesitic breccias—consists mainly of
plagioclase, hornblende, clinopyroxene, and Fe–Ti oxide (Fig. 3b, d). Pla-
gioclases (An49–88) (Fig. 4a and Supplementary Table 1), with euhedral-
to-subhedral crystals, are present, both as phenocrysts andmicrolites in
the groundmass. Some of these show sieve-textured and oscillatory zon-
ing (Fig. 3a, b). Clinopyroxene (Wo46–47En40–42Fs12–14) phenocrysts are
diopside-augite (Fig. 4b and Supplementary Table 1). Clinopyroxene
phenocrysts display twinning and contain inclusions of plagioclase
and opaque minerals (Fig. 3c). Hornblende occurs as both subhedral
and euhedral grains, and is classified (Leake et al., 1997) as magnesio-
hastingsite (Mg# = 0.81–0.90) (Fig. 4c and Supplementary Table 1).
Hornblendes are characterized by opaque rims and are also corroded
(Fig. 3e). Some of them include Fe–Ti oxide and plagioclase, and show
chloritization (Fig. 3e). Fe–Ti oxides are titanomagnetite (Supplementary
Fig. 4. (a) An–Ab–Or triangular plot showing the compositions of feldspars in the Borçka vo
volcanics, and (c) hornblende classification diagram (Leake et al., 1997) of the Borçka volca
Table 1). The groundmass is composed of lath-shaped plagioclase
microlites, augite and opaque minerals, and rare glass.

The basaltic dykes consist of plagioclase, clinopyroxene, and
Fe–Ti oxide. Plagioclases are bytownite (An84–87), and occur main-
ly as subhedral laths and microlites in the groundmass (Fig. 4a and
Supplementary Table 1). Clinopyroxenes (Wo46–48En35–43Fs9–17)
are diopside-augites (Fig. 4b). The Cpx typically shows oscillatory
zoning (Fig. 3f). Oxides are magnetite in the basaltic dyke
(Supplementary Table 1). The groundmass is microcrystalline
and consists of plagioclase microlites, clinopyroxene grains, and
glass.

4.2. 40Ar–39Ar dating

The 40Ar–39Ar age determination on the hornblende separates of the
three volcanic samples are presented in Supplementary Table 2. The
hornblende separates yield ages of 46.1 ± 0.6 Ma for the basaltic
andesite lava flows, 46.0 ± 0.8 Ma for the basaltic lava flow, and
39.9 ± 0.5 Ma for the andesitic lava flow (Fig. 5), corresponding to
the middle Eocene.

4.3. Major and trace elements

Major oxides and trace element data are given in Table 1. The vol-
canic rocks from the Borçka area display a large compositional
spread, with SiO2 contents ranging from 42 to 63 wt.% and Mg#
values range from 21 to 41 (Table 1). In the total alkali–silica diagram
(Fig. 6a), the Borçka volcanics fall into the fields of basalt, basaltic an-
desite, andesite, dacites, trachy-basalt, and basaltic trachy-andesite.
lcanic rocks, (b) clinopyroxene classification diagram (Morimoto, 1988) of the Borçka
nic rocks.



Fig. 5. 40Ar–39Ar age-probability distributions for the three irradiations.
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In the Zr/TiO2*0.0001 versus Nb/Y diagram (Winchester and Floyd,
1977), which uses only relatively immobile elements, the studied
volcanic rocks plot in the fields of andesite/basalt, andesite,
rhyodacite/dacites, and one sample in trachy-andesite (Fig. 6b). On
a K2O versus Na2O diagram (Le Maitre, 2002), basaltic dyke samples
plot into the low-K area, and the basaltic lava and basaltic–andesitic
volcanic breccia samples show a tendency of the low-K and
medium-K area (Fig. 6c). However, in an AFM diagram (Fig. 6d), all
the samples display tholeiitic-calc-alkaline trend.

Harker variation diagrams show chemical trends, which are consis-
tent with fractional crystallization. The analyzed samples generally
exhibited negative correlations between SiO2 and CaO, MgO, Fe2O3

tot,
TiO2, Ni, and Co and positive correlations between SiO2 and K2O, Na2O,
Al2O3, P2O5, Sr, Ba, Zr, Nb, and Th, respectively (Fig. 7). All these variations
can be explained by the fractionation of common mineral phases
such as clinopyroxene ± hornblende ± plagioclase ± magnetite ± ap-
atite in volcanic rocks.

The studied Borçka volcanic rocks display variable enrichment
in large ion lithophile elements (LILE), high field strength elements
(HFSE), light rare earth elements (LREE), and heavy rare earth
elements (HREE) with respect to primitive mantle and chondrite
(Fig. 8a, b). Primitive mantle-normalized (Sun and McDonough,
1989) trace element patterns show similar enrichments in large
ion lithophile elements (LILE; Ba, Rb, Th and K), Th and Ce, and de-
pletions in some high field strength elements (HFSE; Zr, Y, Nb and
Ti) (Fig. 8a).

Chondrite-normalized (Boynton, 1984) REE patterns (Fig. 8b)
are enriched in LREE, relative to HREE. All volcanic rocks (basaltic
dyke, pillow lava basalt, basaltic lava, and basaltic–andesitic volca-
nic breccia) show moderately fractionated chondrite-normalized
REE patterns, parallel to each other with LaN/LuN = 2–20, indicating a
similar or the same source region for the Borçka volcanic rocks. All vol-
canic rocks show slight and no Eu (mean EuN/Eu* =0.93–1.18) anoma-
lies (Fig. 8b), suggesting insignificant plagioclase fractionation.

4.4. Sr–Nd isotopes

The Sr–Nd isotopic compositions of selected samples from the Borçka
volcanic rocks are listed in Table 2 and plotted in Fig. 9. All the samples
show a small range of Sr–Nd isotope ratios with initial 87Sr/86Sr values



Table 1
Whole-rock analyses of selected samples from the Borçka volcanic rocks. Fe2O3

tot, total iron as Fe2O3. LOI: loss on ignition. Mg# (Mg-number) = 100 × MgO/(MgO+Fe2O3
tot).

Oxides are given in wt.%, trace elements in ppm.

Rock type Basaltic dyke Borçka basalt

Samples A17A A79A A15 A113 A1 A2 A5 A14 A16 A24 A25 A29 A38 A73 A109 A110 A111 A112

SiO2 43.47 43.93 51.08 41.63 51.23 51.22 50.71 51.37 45.67 52.61 46.11 51.63 48.66 48.79 45.87 47.09 53.44 50.24
TiO2 0.71 0.71 0.59 0.71 0.58 0.69 0.69 0.68 0.75 0.54 0.74 0.66 0.71 0.90 0.79 0.65 0.56 0.68
Al2O3 15.74 15.46 20.26 17.48 18.90 18.51 17.76 18.11 17.41 17.75 18.15 18.61 19.39 17.92 18.09 18.28 18.35 18.68
Fe2O3

tot 10.71 10.91 7.47 10.40 8.37 9.79 9.02 9.33 10.96 9.06 10.31 9.20 10.52 9.48 10.61 10.19 7.96 9.98
MnO 0.19 0.18 0.10 0.16 0.18 0.30 0.15 0.18 0.19 0.19 0.18 0.23 0.18 0.18 0.17 0.22 0.19 0.20
MgO 9.45 9.04 3.09 6.61 4.00 4.47 5.51 4.54 7.30 4.23 7.21 3.96 4.93 4.94 6.94 5.77 3.12 4.38
CaO 11.75 11.53 7.83 11.04 8.52 8.94 9.67 8.33 11.65 9.03 11.94 10.03 8.42 11.16 11.80 9.40 8.29 8.55
Na2O 1.75 1.72 3.31 2.15 3.71 2.39 2.46 2.89 1.91 2.64 1.72 2.29 4.52 2.74 1.78 2.62 2.89 2.81
K2O 0.10 0.10 0.72 1.38 0.34 0.38 0.22 1.73 0.73 0.73 0.60 0.43 0.87 0.26 0.51 0.17 0.97 0.64
P2O5 0.18 0.19 0.13 0.13 0.13 0.11 0.13 0.18 0.09 0.14 0.08 0.18 0.29 0.21 0.09 0.06 0.18 0.13
LOI 5.6 5.8 5.2 8.0 3.9 3.0 3.4 2.4 3.1 2.8 2.7 2.5 1.2 3.2 3.0 5.3 3.8 3.5
Total 99.71 99.65 99.81 99.72 99.81 99.82 99.78 99.73 99.73 99.76 99.74 99.74 99.74 99.76 99.69 99.78 99.77 99.78
Ni 83.2 74.6 1.5 23.4 5.2 4.4 14.7 6.7 19.3 8.6 17 3.3 4.1 10.1 16.8 5.1 5.3 3.4
Sc 53 50 18 46 20 24 34 27 44 22 48 21 24 31 48 30 15 24
Ba 87 81 214 149 254 216 276 729 357 390 330 336 283 256 310 69 453 202
Co 44 46 17.7 36.7 19.6 25.3 26.1 23.8 33.8 22.1 33.6 19.7 25.1 27.1 34.6 22.5 10.6 23.8
Cs 0.1 b0.1 0.3 2.9 0.2 0.4 b0.1 0.6 b0.1 0.1 b0.1 0.7 1.3 b0.1 b0.1 0.1 1 0.6
Ga 14.4 16 16.4 13 16.1 16.5 15.3 15.8 14.4 16.5 14.9 17.2 16.1 17.4 14.8 16 16.1 17.2
Hf 0.9 0.8 1.6 0.6 1.8 1.4 1.4 1.7 0.8 1.1 0.7 1.2 1.4 1.7 0.9 0.9 1.2 1.1
Nb 1.4 1.4 1.5 0.7 1.9 1.4 1.4 1.5 0.9 1.2 1.8 1.3 1.6 2.1 0.7 0.9 1.4 1.4
Rb 0.9 1.3 9.6 28.4 5.8 6.6 2 31.1 9.7 15.5 6.3 8.9 18.9 1.3 5.6 2.5 20.1 13.1
Sr 389 414.5 333.8 487.8 402 282.2 471.2 502.4 378.9 466.9 349.8 520.5 524.7 476.9 346.3 271.5 481.1 302
Ta b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 0.2 b0.1 b0.1 0.2 b0.1 b0.1 b0.1 b0.1
Th 2.2 2.5 0.8 0.8 1.1 0.5 1.5 2 1 1.1 0.7 1.1 2.1 1.8 0.5 0.4 1.1 0.6
U 0.6 0.7 0.3 0.2 0.4 0.2 0.6 0.8 0.4 0.5 0.2 0.5 0.5 0.6 0.2 0.2 0.5 0.2
V 372 389 180 330 205 253 302 276 349 209 339 220 254 292 358 260 146 255
Zr 35.7 32.6 44.8 20.9 59.7 38.7 41.5 53.9 30.5 41.5 25.7 38.4 44.4 62.8 22.1 31.6 45.3 37.1
Y 10.9 11.3 15.5 8.5 16.2 15.4 14.7 16.3 11.2 14.3 11.6 16 15.6 20.8 11.9 12.5 15.4 15.4
Cu 79.1 73.8 36.1 70.7 35.2 28.1 62.9 63.8 77.6 36.4 70.9 23.3 14.8 121.1 72.4 38.8 14.3 25.9
Pb 2.2 163 1.7 2.1 3.6 1.4 3.7 6.3 3.2 5.4 2.7 1.5 3.6 5 3.2 1.2 8.8 1.1
Zn 56 133 36 49 58 58 50 46 44 64 45 42 48 45 46 50 39 31
La 9.4 9.7 5.1 4.5 5.8 5.8 7.6 10.1 4.2 5.6 2.7 6.1 7.8 9.5 3.1 3.1 6.3 4.2
Ce 19.6 19.5 11.9 10.5 11.8 12.8 14.2 19.7 8.9 12 6.3 13.5 16.8 21.8 6.8 7.1 14.3 10.6
Pr 2.58 2.67 1.6 1.42 1.67 1.8 1.96 2.69 1.27 1.68 0.99 1.89 2.32 3.03 1.09 1.05 1.95 1.52
Nd 11.2 10.5 7.5 6.8 7.6 8.5 8.5 11.8 5.9 7.4 5.5 8.3 10.8 13.8 6.2 5.1 9.4 7.6
Sm 2.54 2.69 1.95 1.67 1.96 2.03 2.08 2.83 1.54 1.98 1.48 2.26 2.59 3.36 1.58 1.46 2.37 2.05
Eu 0.85 0.88 0.77 0.63 0.76 0.79 0.78 0.96 0.64 0.79 0.61 0.91 0.9 1.15 0.63 0.64 0.92 0.79
Gd 2.49 2.47 2.46 1.74 2.33 2.39 2.43 3 1.89 2.13 1.79 2.56 2.67 3.62 2.05 1.89 2.56 2.44
Tb 0.39 0.39 0.43 0.29 0.43 0.43 0.42 0.48 0.33 0.42 0.32 0.5 0.49 0.6 0.37 0.36 0.43 0.43
Dy 2.11 2.2 2.6 1.47 2.64 2.51 2.52 2.75 1.98 2.55 1.96 2.68 2.71 3.48 2.22 2.07 2.41 2.51
Ho 0.4 0.37 0.58 0.3 0.57 0.54 0.53 0.57 0.42 0.54 0.44 0.66 0.61 0.73 0.46 0.43 0.55 0.53
Er 1.13 1.13 1.71 0.97 1.74 1.71 1.62 1.77 1.18 1.63 1.23 1.68 1.66 2.16 1.32 1.39 1.63 1.69
Tm 0.18 0.2 0.25 0.14 0.28 0.27 0.25 0.27 0.19 0.29 0.2 0.32 0.3 0.33 0.21 0.23 0.27 0.26
Yb 1.05 1.07 1.75 0.83 1.82 1.65 1.53 1.74 1.23 1.59 1.17 1.77 1.63 2.08 1.27 1.5 1.57 1.53
Lu 0.15 0.16 0.27 0.13 0.28 0.26 0.24 0.27 0.17 0.28 0.17 0.31 0.29 0.31 0.19 0.23 0.25 0.26
EuN/Eu* 1.02 1.03 1.07 1.12 1.09 1.09 1.06 1.00 1.15 1.17 1.14 1.15 1.04 1.00 1.07 1.18 1.14 1.08
LaN/YbN 6.05 6.13 1.97 3.66 2.15 2.38 3.36 3.92 2.31 2.38 1.56 2.33 3.23 3.09 1.65 1.40 2.71 1.85
Mg# 47 45 39 29 32 31 38 33 40 32 41 30 32 34 40 36 28 31
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[(87Sr/86Sr)46] ranging from 0.70423 to 0.70495 and (143Nd/144Nd)46 ra-
tios (0.51263–0.51285) corresponding to εNd from 0.5 to 5.1. The Nd
model ages (TDM) of the samples relative to the depleted mantle range
from 0.52 to 0.88 Ga. Nd model ages of the Borçka volcanic rocks are
young (Table 2), suggesting a young lithospheric mantle source. The
Borçka volcanic rocks are placed on the mantle array in between the de-
pleted and the enriched quadrants. These values nearly correspond to
those estimated for bulk earth, so are similar to those of other volcanics
of the early Eocene age and the middle Eocene high-K granitoids from
the Eastern Pontides (Karsli et al., 2007; Kaygusuz et al., 2011; Temizel
et al., 2012; Topuz et al., 2005).

5. Discussion

5.1. Petrogenetic consideration

The geochemical fingerprints of the Borçka volcanic rocks are typical
of subduction zone volcanic rocks (Baier et al., 2008; Elburg et al., 2002;
Pearce, 1983; Thompson et al., 1984). The most basic samples of Borçka
volcanics lack primitive rocks with Mg# > 70 or high compatible
element abundances—for example, Ni > 200 ppm, Cr > 400 ppm—that
are considered to represent magmas derived directly from the
peridotitic mantle (Tatsumi and Eggins, 1995). The geochemical Sr and
Nd isotopic compositions of the Borçka volcanic rocks in the Eastern
Pontides, NE Turkey, provide constraints on the nature of the mantle
source, the evolution processes of the parental magma, and the
geodynamic setting. The principal evidences for such a generation are
clearly illustrated below.

5.2. Magma evolution: fractional crystallization versus assimilation
processes

The Borçka volcanic rocks have low Ni, Co, and MgO contents
suggesting that the most mafic samples of the volcanics are not a
product of primary magma. Harker variation diagrams show chemi-
cal trends consistent with fractional crystallization (Fig. 7). The lack



Table 1
Whole-rock analyses of selected samples from the Borçka volcanic rocks.

Civanköy Suite

A33A A44 A64 A71 A17B A26 A32 A45a A61 A67 A67A A67B A70 A74 A79

56.15 61.81 62.90 58.08 46.17 49.13 49.51 46.67 43.31 47.17 47.73 47.32 50.64 53.93 53.41
0.53 0.42 0.44 0.57 0.76 0.63 0.72 0.74 0.72 0.64 0.76 0.6 0.67 0.64 0.59

17.41 16.07 17.12 16.40 17.47 19.99 21.07 16.72 18.11 20.84 19.78 20.35 17.46 17.97 18.35
7.96 5.84 5.04 5.12 10.94 8.12 7.60 10.87 10.25 9.10 8.56 8.27 8.11 8.03 8.23
0.11 0.07 0.10 0.09 0.22 0.11 0.14 0.18 0.18 0.09 0.10 0.09 0.15 0.21 0.16
3.44 1.51 1.78 2.67 6.88 4.23 3.17 5.22 5.65 4.69 2.8 3.95 4.42 2.96 4.78
6.62 3.32 5.83 5.33 6.74 9.78 10.15 10.96 8.36 10.55 11.89 9.92 7.86 6.75 6.61
3.3 5.81 3.41 3.54 4.45 2.12 3.83 1.75 2.99 2.03 3.96 2.24 4.57 3.65 3.33
0.37 1.12 1.76 2.06 0.09 0.21 0.45 0.72 0.19 0.18 0.18 0.3 1.98 0.62 0.27
0.13 0.12 0.19 0.31 0.23 0.05 0.11 0.15 0.18 0.02 0.13 0.04 0.42 0.15 0.13
3.8 3.8 1.3 5.6 5.7 5.4 3.1 5.8 9.8 4.5 3.9 6.7 3.4 4.9 3.9

99.81 99.89 99.84 99.74 99.7 99.82 99.81 99.79 99.75 99.83 99.82 99.81 99.65 99.82 99.77
9.3 12.6 2.8 11.3 24.6 6.9 5.2 8.3 9.3 3.6 5.4 3.5 2.7 0.3 4.4

21 14 9 11 35 21 24 36 28 22 25 19 16 11 21
98 172 533 775 93 69 116 418 219 87 50 55 890 323 190
16.7 6.8 6.1 12.8 36.9 19.3 18.4 26.5 29.8 20.5 18 18.2 22 8.5 19.9
0.3 0.7 1.1 0.3 0.2 1.4 0.5 0.5 2.1 0.1 0.1 0.2 2.9 0.2 0.1

14.2 13.5 15.6 15 15.1 16.1 16.7 13.4 16.2 17.1 15.9 16.9 12 12.2 17.6
1.4 2.3 2.9 2.3 1.2 1.5 1.2 0.9 0.9 1.1 1.5 1 2.4 1.3 1.5
1.7 5.5 6.4 7.6 1.7 1.3 1.2 0.9 0.9 1 1.1 0.8 5.1 1.4 1.6
7.2 38.5 47.1 44.7 1 3.7 6.4 10 4.9 2.3 3 5 37.8 10.3 4.8

370.5 420.2 383.8 807.5 486.9 265.8 345.2 294.8 341.8 287 290.8 266.3 908.1 406.5 364.8
b0.1 0.4 0.3 0.5 0.1 b0.1 b0.1 0.1 0.1 b0.1 b0.1 b0.1 0.4 b0.1 b0.1
0.5 1.7 2.4 3.6 2.6 0.6 0.4 1.5 1 0.3 0.7 0.4 5.1 0.9 0.6
0.1 1.2 1.1 1 0.9 0.2 0.2 0.6 0.3 0.2 0.2 0.1 2 0.4 0.4

228 83 96 104 382 210 236 284 317 255 266 216 248 80 217
42.1 75.3 98 93.6 37.5 40.3 36.7 30.9 27.3 33.6 45.4 32.1 85.1 38.8 44.7
14.5 11.2 17.4 8.5 12.9 12.1 13.2 12.8 12.2 13.3 18.7 13 23.3 15.5 14
64.4 35.9 13.1 34.4 88.1 38.4 123.5 61.1 59.4 44.3 39.3 50.6 137.3 1.8 41.7
1.5 4.8 1.6 6.3 1.8 3.4 2.4 4.2 3.5 2.1 3.7 2 9.1 2.6 1.8

55 31 21 53 64 62 67 51 65 53 60 49 63 44 62
5.3 8.4 16.2 20.9 11.1 3.6 3.7 5.6 6.1 2.3 4.8 2.7 20.2 5.7 5.1

11.7 16 32.5 37.3 24.4 9 9.5 11.4 13.4 5.8 11.2 7.2 40.6 13.3 11.3
1.49 2.26 4.01 4.27 3.11 1.28 1.34 1.63 1.81 0.95 1.58 1.06 5.22 1.83 1.52
7.2 9.5 16.1 16.3 13.4 6.4 6 8.3 8.5 4.7 8.4 5.3 22.4 8.3 7
1.72 1.91 2.97 2.72 2.99 1.71 1.9 2.11 1.96 1.6 2.23 1.69 4.83 2.2 1.88
0.65 0.57 1.01 0.86 0.96 0.67 0.73 0.8 0.75 0.66 0.84 0.67 1.47 0.95 0.71
2.04 1.76 2.93 2.2 2.83 2.1 2.22 2.55 2.12 1.99 2.72 2.09 4.68 2.41 2.15
0.36 0.28 0.48 0.31 0.44 0.37 0.39 0.37 0.39 0.39 0.51 0.38 0.72 0.47 0.39
2.22 2.28 2.65 1.69 2.37 2.14 2.35 2.85 2.15 2.38 3.09 2.35 3.94 2.73 2.61
0.51 0.44 0.55 0.3 0.49 0.48 0.52 0.5 0.47 0.52 0.73 0.54 0.79 0.61 0.48
1.51 1.5 1.68 0.78 1.35 1.45 1.46 1.65 1.32 1.56 2.19 1.45 2.23 1.64 1.59
0.21 0.25 0.26 0.12 0.22 0.21 0.23 0.25 0.22 0.24 0.33 0.24 0.36 0.29 0.24
1.41 1.77 1.7 0.71 1.23 1.45 1.52 1.61 1.26 1.51 2.18 1.49 2.17 1.65 1.55
0.24 0.26 0.25 0.11 0.19 0.22 0.23 0.22 0.22 0.22 0.33 0.22 0.34 0.29 0.22
1.06 0.93 1.04 1.04 0.99 1.08 1.08 1.05 1.12 1.13 1.04 1.09 0.93 1.26 1.08
2.54 3.21 6.44 19.89 6.10 1.68 1.64 2.35 3.27 1.03 1.49 1.22 6.29 2.33 2.22

30 21 26 34 39 34 29 32 36 34 25 32 35 27 37
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of negative Eu anomalies in the most primitive samples (Fig. 8) indi-
cates that plagioclase was not a major fractionating mineral phase.
Major and trace element compositions of the volcanic rocks indicate
that clinopyroxene ± hornblende ± plagioclase ± magnetite ± apa-
tite were important fractionating mineral phases in the petrogenesis
of the rocks.

In calc-alkaline suites, Lambert and Holland (1974) used a CaO
versus Y diagram to define J- and L-type trends, which lead to de-
pletion and enrichment in Y relative to calc-alkaline series stan-
dard, respectively. In the Y versus CaO diagram (Fig. 10), nearly
all the rocks plot on the Y depleted side of the standard calc-alkaline
trend, defined as a J-type trend. This trend implies that pyroxene and
hornblende played an important role in the evolution of the studied
volcanics.

The variation in Ti, Zr, Y, and V within the suite of arc rocks is
clearly related to the nature and proportion of crystallizing phases
(Pearce and Norry, 1979). The SiO2 versus Sr/Y diagram appears gen-
erally to be a result of plagioclase fractionation (Fig. 11). The
crystallization of V, Fe–Ti oxides within volcanic rocks is reflected
by a trend of decreasing Ti/Zr and V/Ti for residual melts (e.g.,
Nielsen et al., 1994; Pearce and Norry, 1979). Zr concentrations ap-
pear to be controlled almost exclusively by fractionation. Zr enrich-
ment relative to Sm is often attributed to amphibole fractionation
(Thirlwall et al., 1994). Besides, augite fractionation (Thirlwall et al.,
1994) and magnetite fractionation (Tribuzio et al., 1999) may also
exert an influence on the Zr/Sm ratio.

Many studies on arc magmatism confirm the importance of crustal
assimilation, which leads to the modification of the trace elements and
the isotopic composition of mantle-derived arc magmas (Thirlwall et
al., 1996). Kaygusuz et al. (2011), Temizel and Arslan (2008, 2009),
Temizel et al. (2012) argued for the contamination of the primary
melt by mature and thickened arc crusts as an important feature of
post-collisional Tertiary magmatism in the Eastern Pontides belt. How-
ever, Temizel and Arslan (2008) and Temizel et al. (2012) indicated
that the assimilation and fractional crystallization (AFC) process played
a significant role in the evolution of volcanic rocks in Ulubey (Ordu)



Fig. 6. Distributions of the investigated volcanic rocks on various geochemical classification diagrams. (a) Na2O + K2O (wt.%) vs. SiO2 (wt.%) diagram (Le Bas et al., 1986), (b) Zr/
TiO2*0.0001 vs. Nb/Y diagram (Winchester and Floyd, 1977), (c) SiO2 (wt.%) vs. K2O (wt.%) diagram (Le Maitre, 2002), (d) AFM ternary plot of the Borçka volcanics (alkaline–
subalkaline dividing line and tholeiitic–calcalkaline dividing curve are from Irvine and Baragar, 1971).
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area. The composition of these rocks was mainly modified by fractional
crystallization rather than by AFC. In Fig. 12, the (87Sr/86Sr)i and
(143Nd/144Nd)i ratios are plotted against SiO2, MgO, Th, Sr, and Rb/Sr to
evaluate the role of fractional crystallization (FC) or the AFC processes.
Positive or negative trends attest to the fact that themagmaswere affect-
ed by AFC processes, while nearly constant trends indicate significant
crystallization.

The role of FC in the chemical evolution of the volcanics is eval-
uated using the least-squares method for the major elements. The
compositions of clinopyroxene, hornblende, plagioclase, and mag-
netite of the rocks from the Borçka volcanics are used in the
model. The calculations were performed based on the average
composition of basaltic dyke and Borçka basalt as the parent, and
Borçka basalt and Civanköy suite as the daughter from the volca-
nics. The results of the calculations are given in Table 3. The
models for each groups mostly yield low residuals (r2 b 0.5),
suggesting that fractional crystallization is the main process with
a minor assimilation for magmatic evolution of the Borçka volcanic
rocks.
5.3. Source characteristics

The Borçka volcanic rocks are characterized by enrichments in
LILE and LREE, and negative Nb, Ta, and Ti anomalies are features of
subduction-related magmas and are commonly attributed to a mantle
wedge source that was modified by metasomatic fluids derived from
subducted slab or sediments (Cameron et al., 2003; Hawkesworth et
al., 1991; Münker et al., 2004; Ringwood, 1990).

On the basis of 87Sr/86Sr versus Sr/Th relationships in a number of
arcs, Hawkesworth et al. (1997) noted that high Sr/Th ratios are de-
veloped in rocks with low 87Sr/86Sr (~0.704). The rationale for using
this plot is that as a result of the preferential mobilization of the
LILE into hydrous fluids, high Sr/Th ratios will be a signature of the
fluid phase. Sr isotope ratios might be expected to be variable,
depending on whether the fluids have interacted mainly with altered
basaltic crust (≥0.7047; Bickle and Teagle, 1992; Staudigel et al.,
1995) or subducted sediment (>0.709). This indicates that the fluid
components had similarly low 87Sr/86Sr. Rocks from depleted and
enriched arcs show (Fig. 13) a hyperbola that implies that high Sr/
Th (and thus, LILE/HFSE) ratios are better developed in themore deplet-
ed arc rocks, whereas low Sr/Th is accompanied by high 87Sr/86Sr. The
Borçka volcanic rocks span an array (Sr/Th > 200; 87Sr/86Sr b 0.705)
similar to that of depleted arcs, and comply with a considerable fluid
input to their sources.

The Borçka volcanics represent somewhat high and flat HREE
patterns (Fig 8), indicating that the protolith may be garnet rich
and garnet-rich residue after melt extraction. Instead, the patterns
are consistent with the property of spinel in the mantle source.
The source enrichment features in the Borçka volcanic rocks may
be examined in the Th/Yb versus Ta/Yb (Pearce et al., 1990,
Fig. 14) diagram. In this diagram, the Borçka volcanic rocks form a
trend sub-parallel to the mantle array, but shifted to higher Th/Yb ra-
tios. This suggests a melt derivation from a source, which had been



Fig. 7. SiO2 (wt.%) vs. major oxides (wt.%) and trace element (ppm) variation diagrams for samples from the Borçka volcanic rocks (symbols are as in Fig. 6a).
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previously enriched (or metasomatized) by fluids derived from earlier
(i.e., pre-Eocene) subduction processes (e.g., Arslan et al., 2007;
Kaygusuz et al., 2011; Temizel and Arslan, 2008; Temizel et al., 2012).
Bradshaw and Smith (1994) and Smith et al. (1999) implied that
since HFSE (such as Nb and Ta) are depleted in the lithospheric mantle
relative to the LREE, high Nb/La ratios (~>1) indicate an OIB-like as-
thenospheric mantle source for basaltic magmas, and lower ratios
(~b0.5) indicate a lithospheric mantle source. The Nb/La (0.15–0.21)
and La/Yb (3–30) ratios of the most basic samples in the Borçka area
suggest a lithospheric mantle source.

Borçka volcanic rocks, similar to arc volcanic, have higher La/Nb
(2–7) and Ba/Nb (22–486) ratios compared to MORB, OIB, and intra-
plate basalts (Sun and McDonough, 1989; Fig. 15a). In the Ce/Pb versus
Ce diagram (Fig. 15b), all the samples plot in the arc volcanic subfield.



Fig. 8. (a) Primitive mantle-normalized (Sun and McDonough, 1989) multi-element spider diagrams and (b) chondrite-normalized (Boynton, 1984) rare earth element pattern
plots for the Borçka volcanic rocks.
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The average low Ce/Pb ratios (~8) of the most primitive samples differ
considerably from those of oceanic basalts (~25; Gribble et al., 1998;
Hofmann, 1988), suggesting that these rocks are not derived from nor-
mal asthenospheric mantle.

Sr and Nd isotope ratios of the Borçka volcanic rocks define a
narrow field between bulk earth composition and depleted mantle
(Fig. 9). Isotope ratios are very close to those of Eastern Pontides
calc-alkaline volcanics (Kaygusuz et al., 2011; Temizel et al.,
2012). Moreover, similar 87Sr/86Sr and 143Nd/144Nd isotope com-
positions support the genetic link between the mafic and more
felsic rocks of the Borçka volcanic via fractional crystallization
(Fig. 9).

On the basis of the combined trace element and the Sr–Nd isotope
data, we concluded that the parental magma of the Borçka volcanic
rocks was derived from partial melting of an enriched lithospheric
mantle, which had been previously metasomatized by fluids derived
from earlier subduction processes.

5.4. Geodynamic scenario for the Borçka volcanics

The Eastern Pontides was affected by a complex tectonic regime
since late Paleocene–early Eocene (Okay and Şahintürk, 1997), and
constitutes an upper Mesozoic–early Tertiary east–west-trending
magmatic belt (Fig 1a). This belt is interpreted as an island arc de-
veloped in response to the northward subduction of the northern
branch of Neotethys, resulting in the convergence of the Pontides in
the north and the Tauride–Anatolide platform in the south (Okay and
Şahintürk, 1997; Yılmaz et al., 1997). The closure of the Neo-Tethyan
Ocean caused be a collision between the Pontides arc and the
Tauride–Anatolide platform (Fig. 16a, b). Both the onset of subduction
and the timing of the collision between the Pontides and the Tauride–
Anatolide platform are a matter of debate (Akın, 1979; Boztuğ et al.,
2004; Karsli et al., 2011; Robinson et al., 1995Tokel, 1977; Topuz et al.,
2011). During the Paleocene–early Eocene time, the Eastern Pontides
was above sea-level (Okay and Şahintürk, 1997), but based on structur-
al data and the composition and timing of igneous activity, some au-
thors (Boztuğ et al., 2006, 2007; Karsli et al., 2011; Okay and
Şahintürk, 1997; Şengör and Yılmaz, 1981; Topuz et al., 2005, 2011;
Yılmaz et al., 1997) propose a Paleocene–early Eocene (ca. 55 Ma) col-
lision, resulting in crustal thickening and the regional uplift of the East-
ern Pontides. Robinson et al. (1995) and Tokel (1977) considered that
themiddle Eocene volcanic rocks formedduring the northward subduc-
tion of the Eastern Pontides and the subsequent collision occurred in the
Oligocene (ca. 30 Ma).
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Table 2
Sr and Nd isotope data for the Borçka volcanic rocks.

Sample Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr 2σm (87Sr/86Sr)i Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd (143Nd/144Nd)i 2σm εNd(0) εNd(T) 46 Ma TDM (Ga)

A2 6.6 282 0.0678 0.704349 6 0.70430 2.03 8.50 0.1444 0.512866 0.512823 7 4.4 4.7 0.63
A5 2.0 471 0.0123 0.704423 7 0.70441 2.08 8.50 0.1479 0.512864 0.512819 4 4.4 4.7 0.66
A16 9.7 379 0.0742 0.704425 7 0.70438 1.54 5.90 0.1578 0.512901 0.512854 5 5.1 5.4 0.68
A25 6.3 350 0.0522 0.704415 6 0.70438 1.48 5.50 0.1627 0.512856 0.512807 5 4.3 4.4 0.88
A24 15.5 467 0.0963 0.704401 6 0.70434 1.98 7.40 0.1618 0.512879 0.512830 8 4.7 4.9 0.80
A73 1.3 477 0.0079 0.704233 7 0.70423 3.36 13.80 0.1472 0.512882 0.512838 9 4.8 5.0 0.61
A111 20.1 481 0.1212 0.704442 6 0.70436 2.37 9.40 0.1524 0.512878 0.512832 10 4.7 4.9 0.68

Basaltic dyke (46 Ma)
A17A 0.9 389 0.0067 0.704409 5 0.70440 2.54 11.20 0.1371 0.512781 0.512780 5 3.6 3.9 0.66

Basaltic volcanic breccia (46 Ma)
A70 37.8 908 0.1207 0.704401 6 0.70432 4.83 22.40 0.1304 0.512844 0.512805 8 4.0 4.4 0.56

Andesitic volcanic breccia (39.9 Ma)
A64 47.1 384 0.3559 0.705148 5 0.70495 2.97 16.10 0.1150 0.512663 0.512633 7 0.5 0.9 0.75
A71 44.7 808 0.1605 0.704365 6 0.70427 2.72 16.30 0.1009 0.512766 0.512740 6 2.5 3.0 0.52

Note: εNd = ((143Nd/144Nd)s/(143Nd/144Nd)CHUR − 1) × 10,000, (143Nd/144Nd)CHUR = 0.512638, and (147Sm/144Sm)CHUR = 0.1967 (Jacobsen and Wasserburg, 1980). Nd model ages (TDM) are calculated with a depleted-mantle reservoir
and present-day values of 143Nd/144Nd = 0.513151 and 147Sm/144Sm = 0.219 (Liew and Hofmann, 1988). The model ages were calculated using a linear isotopic ratio growth equation: TDM = 1/λ × ln(1 + ((143Nd/144Nd)s − 0.51315) /
((147Sm/144Nd)s − 0.2137)).
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Fig. 11.Whole rock trace-element ratios plotted vs. silica for volcanic rocks from the Borçka area. (a) Sr/Y reflects plagioclase fractionation within volcanics, (b) variation in Zr/Sm is
often attributed primarily to amphibole fractionation. However, clinopyroxene and magnetite fractionation may also exert an influence on this ratio, (c,d) Ti/Zr and V/Ti variation
show a strong signature of Fe–Ti oxide fractionation, but also may have been affected by amphibole fractionation (symbols are as in Fig. 6a).

Fig. 12. Variation diagrams of (87Sr/86Sr)i and (143Nd/144Nd)i vs. SiO2 (wt.%), (1/Sr) × 103 (ppm−1), Th (ppm), Rb/Sr andMgO (wt.%) from the Borçka volcanic rocks (symbols are as in Fig. 6a)
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Table 3
Major element oxide fractional crystallization modeling for Borçka volcanic rocks.

Stage 1: Basaltic dyke–Borçka basalt

Parent Daughter Calculated

Average (n = 2) Observed (n = 16)

SiO2 43.70 49.71 50.71
TiO2 0.71 0.68 0.96
Al2O3 15.60 18.41 18.18
FeOt 10.81 9.48 9.61
MnO 0.19 0.19 0.30
MgO 9.25 4.96 6.18
CaO 11.64 9.57 9.52
Na2O 1.74 2.71 3.80
K2O 0.10 0.62 0.20
P2O5 0.19 0.14 0.53
Fractionating minerals, wt.% Plagioclase (n = 15) 26.60

Clinopyroxene (n = 20) 18.38
Olivine (n = 5) 11.65
Hornblende (n = 25)
Magnetite (n = 35) 4.53

Residual melt, wt.% 32.83
Sum residuals squared (r2) 0.30

Stage 2: Borçka basalt–Civanköy suite

Parent Daughter Calculated

Average (n = 16) Observed (n = 15)

SiO2 49.71 52.01
TiO2 0.68 0.71
Al2O3 18.41 18.38
FeOt 9.48 8.14
MnO 0.19 0.11
MgO 4.96 4.02
CaO 9.57 8.28
Na2O 2.71 3.47
K2O 0.62 0.80
P2O5 0.14 0.18
Fractionating minerals, wt.% Plagioclase (n = 15) 23.53

Clinopyroxene (n = 20) 13.26
Olivine (n = 5)
Hornblende (n = 25) 32.46
Magnetite (n = 35) 4.65

Residual melt, wt.% 25.90
Sum residuals squared (r2) 0.18

Total Fe as FeOtot.
Mineral compositions used for each step of modeling are an average value of mineral compositions given in Supplementary Table 1. The composition of the mineral chemistry of
olivine is taken from Koçevyan Basalt in Temizel and Arslan (2005, 2008).

Fig. 13. 87Sr/86Sr vs. Sr/Th variations in Borçka volcanic rocks. Fields 1 and 2 enclose
data from arcs considered incompatible element depleted and enriched, respectively,
by Hawkesworth et al. (1997). The arrows show the sense of enrichment predicted
from addition of fluid and sedimentary components to the mantle wedge (symbols
are as in Fig. 6a).
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(1) due to the adiabatic decompression resulting from a lithospheric
extension of uplift, and (2) because of an increase in heat from the
upwelling asthenospheric mantle. In the region, middle-late Eocene
magmatism was considered to have formed by a combination of both
mechanisms. The required heat flux for partial melting may have been
supplied by the upwelling of the asthenosphere.

A similar model was advocated by Pearce et al. (1990) for Eastern
Anatolia, Aldanmaz et al. (2000) and Altunkaynak and Dilek (2006)
for Western Anatolia, İlbeyli et al. (2004) and Keskin et al. (2008) for
central Anatolia, and Aslan (2010), Karsli et al. (2011a, 2012),
Kaygusuz et al. (2011), and Temizel et al. (2012) for the Eastern
Pontides. Slab break-off (Davies and von Blanckenburg, 1995), litho-
sphere delamination (Bird, 1979; Kay and Kay, 1993), and convective
removal of the lithosphere (Houseman et al., 1981) are themainmech-
anisms proposed to explain the magmatism in post-collisional and
post-orogenic settings. In case of the Borçka volcanic rocks, a generation
from an enriched lithospheric mantle is documented by major and trace
element features, Sr–Nd isotope characteristics, weak negative Eu anom-
alies, positive εNd (t) values, homogenous and low initial 87Sr/86Sr values
(~0.704) of the samples. Karsli et al. (2010b, 2011) and Topuz et al.
(2011) proposed that the first stage of the post-collision extensional



Fig. 14. Th/Yb vs. Ta/Yb diagram (after Pearce et al., 1990) for the Borçka volcanics. The
inset diagram shows the variations of Th/Tb with changing silica contents of the rocks.
Average N-MORB composition and average CC (Continental Crust) are from Sun and
McDonough (1989) and Taylor and McLennan (1985), respectively. Vectors showing
inferred effects of fractional crystallization (FC), assimilation-fractional crystallization
(AFC), subduction enrichment and mantle metasomatism are from Pearce et al.
(1990) (symbols are as in Fig. 6a).
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event that followed the crustal thickening began at 50 Ma. At 46–40 Ma,
slab break-off cannot be suggested as a dynamicmodel for the generation
of the Eocene magmatism, because the phase, which is responsible for
adakite-like melt generation, formed in the Eastern Pontides
(Karsli et al., 2011; Topuz et al., 2011). Aydin et al. (2008), Karsli
et al. (2012a) and Temizel et al. (2012) suggested that Tertiary vol-
canism is closely related to lithospheric thinning induced by local
faulting. The upwelling of hot asthenospheric material results in
thermal perturbation, and this thermal activity causes the initial
melting of the lithospheric mantle, metasomatized by the earlier sub-
duction event. This process requires an extensional regime of a short
period in the compression orogenic belt (Arslan and Aslan, 2006;
Fig. 15. (a) Ba/Nb vs. La/Nb (Jahn et al., 1999), (b) Ce/Pb vs. Ce (ppm) plots of the Borçka vol
ern Hebei (data from Jahn and Zhang, 1984); PM (Primitive mantle; Sun and McDonough
1993), Clastic Sediment average (Condie, 1993); MORB (Mid-Ocean Ridge Basalts), OIB (Oce
1988); Continental Crust, MORB, OIB and Arc Volcanics (Schmidberger and Hegner, 1999)
Arslan et al., 2013; Karsli et al., 2012a; Kaygusuz et al., 2011; Okay and
Şahintürk, 1997; Temizel et al., 2012). As seen in Fig. 16a, b and c, follow-
ing the northward subduction of the Neo-Tethyan Ocean through the
late Cretaceous, the collision between the Pontides and Anatolide–
Toride platform in the Paleocene and then slab break-off of the
Neotethyan oceanic slab was an inevitable geodynamic event that
occurred before themiddle Eocene. Extensional regime in this region
can be explained by post-collisional crustal thinning (Fig. 16d)
(Topuz et al., 2005) (Fig. 16e, f) and delamination of the thickened
crust (Arslan et al., 2013; Karsli et al., 2010b, 2012a; Temizel et al.,
2012). All these events, causing the loss of pressure over the as-
thenosphere, should have accelerated the asthenospheric uplift in
the middle Eocene. This asthenospheric upwelling caused partial
melting of chemical enriched subcontinental lithospheric mantle in
an extensional setting in the Eastern Pontides throughout middle
Eocene time (Fig. 16g).

6. Conclusions

1. The middle Eocene Borçka volcanic rocks are composed of
Borçka basalt (basaltic lava and pillow lava), Civanköy suite
(basaltic–andesitic breccia and tuff), and basaltic dykes. They
show porphyric, microlitic–porphyric, hyalo-microlitic porphyric,
hyalopilitic, poikilitic, glomeroporphyric, and rarely intersertal,
intergranular, and fluidal textures.
2. The 40Ar–39Ar dating of the hornblende separates fromvarious lava
flows yielded the ages of 46.0 ± 0.8 to 39.9 ± 0.5 Ma.
3. The volcanic rocks display tholeiitic to calc-alkaline character, with
low and medium-K contents. All samples from the Borçka volcanic
series display similar geochemical features, which are characterized
by the enrichment of LILE and LREE and depletion of HFSE without
Eu anomalies, suggesting similar parental magma and petrogenetic
scenario.
4. Fractional crystallization (FC)withminor contamination by upper
crustalmaterials, occurred during the evolution of the volcanic rocks
with pyroxene, hornblende, plagioclase, and Fe–Ti oxides being the
most important fractionating mineral phases.
5. The Borçka volcanic rocks have initial 87Sr/86Sr values varying be-
tween 0.70423 and 0.70495, and initial 143Nd/144Nd values between
0.51263 and 0.51285. These isotopic features, in conjunction with
their geochemical characters, suggest that the parental magma of
Borçka volcanic rocks originated frommelting of a young lithospheric
canic rocks. Data sources for reference: Arc volcanics and Archean granulites from east-
, 1989); CC average (Continental Crust average; Taylor and McLennan, 1985; Condie,
an-island Basalt) and Dupal-OIB (Le Roex, 1987) in (a) and Primitive Mantle (Hofmann,
in (b) (symbols are as in Fig. 6a).



Fig. 16. Schematic diagram showing the tectonic evolution of the area studied between 81 and 40 Ma (a–g) and magmatic activity at ~46–40 Ma in Eastern Pontides, NE Turkey.
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mantle, metasomatized by fluids derived from the subducted slab
during the late Mesozoic time.
6. The Eocene volcanic rocks derived from subduction-induced
enriched lithospheric mantle source should be related to the thin-
ning of young lithosphere caused by extensional regime devel-
oped by lithospheric delamination geodynamics occurring in the
Eastern Pontides.
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