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Whole-rock geochemistry, mineral chemistry, the 40Ar–39Ar age, and Sr–Nd isotopic data are presented for
the Early Eocene non-adakitic volcanic rocks on the eastern corner of the Eastern Pontides orogenic belt
(NE Turkey). The tectonic setting of the Eastern Pontides during the Late Mesozoic to Early Cenozoic remains a
topic of debate. Here, for thefirst time,we describe the Early Eocene non-adakitic volcanic rocks from the Eastern
Pontides. These rocks contain plagioclase, hornblende phenocrysts, and magnetite/titanomagnetite and apatite
microphenocrysts. Geochronology studies based on the 40Ar–39Ar ratio of the amphibole separates reveal that
the non-adakitic porphyritic volcanic rocks have a crystallization age of 50.04 ± 0.10 to 50.47 ± 0.22 Ma
(Ypresian). The volcanic rocks show tholeiitic to calc-alkaline affinities and have low-to-medium K contents.
They are also enriched in large-ion lithophile elements (LILE), light rare-earth elements (LREE), and depleted
in high field strength elements (HFSE), with a no negative Eu anomaly (Eun/Eu* = 1.03–1.08) in mantle-
normalized trace element spidergrams. The samples (Lacn/Lucn = 2.60–4.28) show low-to-medium enrichment
in LREEs relative to HREEs, in chondrite-normalized REE patterns indicating similar sources for the rock suite.
These rocks display a range of ISr (50 Ma) values from 0.70451 to 0.70485, and Nd (50 Ma) 2.9 and 3.7. The
main solidification processes involved in the evolution of these volcanics consist of fractional crystallization,
with minor amounts of crustal contamination. All of our evidence supports the conclusion that the parental
magma of the rocks probably derived from an enriched mantle, previously metasomatized by fluids derived
from the subducted slab, in a post-collisional, geodynamic setting.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The tectono-magmatic evolution of continent–continent collision
systems consists of the generation of oceanic slab and its subduction,
continent–continent collision, slab-break off, and delamination caused
by crustal thickening. The chemical compositions of the melt in such a
complex collision system are controlled by the unique phases of the
system. Recent studies claim that Early Eocene magmatic activity in
the Eastern Pontides exhibits adakitic character and is not widespread,
although there is a large amount of Middle Eocene calc-alkaline mag-
matic activity in the region. In these studies, the Early Eocenemagmatic
activity has been assumed to be derived from the partial melting of
lower crustal materials in response to a slab break-off process in the
collision zone (Dokuz et al., 2013; Karsli et al., 2011; Topuz et al.,
2005, 2011). In contrast, the Middle to Late Eocene magmatic activity
is triggered by crustal thinning caused by continental extension
(Arslan et al., 2013; Aslan et al., 2014; Aydınçakır and Şen, 2013;
Temizel et al., 2012). However, Early Eocene non-adakitic volcanism
has not been reported in the region so far. By the term “non-adakitic”
we refer to the andesitic porphyry rocks, which occurred at the same
time interval with the adakitic rocks (57–50 Ma) but did not show
much of the geochemical characteristics for those of the adakitic rocks
of the region. Therefore, the petrogenetic and geodynamic processes
of this magmatic activity are still being debated.

In this study, we present a dataset of whole-rock geochemical,
mineral chemistry, Sr–Nd isotope data, and the 40Ar–39Ar age of the
Early Eocene non-adakitic volcanic rocks in the Artvin area to evaluate
the tectono-magmatic and thermal history of the collision zone during
the Early Cenozoic in the Eastern Pontides.

2. Geological setting

From Carboniferous to present, the Eastern Pontides orogenic belt is
considered an example of well-preserved continental magmatic arcs.
This tectonic unit comprises a mountain chain 200 kmwide, extending
along the southern Black Sea coast for 500 km. It occurs within the
Alpine metallogenic system. 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 Carboniferous
granitoids and Early Carboniferous metamorphic rocks (Delaloye et al.,
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Fig. 1. (a) Regional tectonic setting of Turkeywithmain blocks in relations to the Afro-Arabian and Eurasian plates (modified fromOkay and Tüysüz, 1999). (b) Simplified geological map
of the Eastern Pontides (after the geologicalmapwith a scale 1:500,000;MTA, 2002). (c) Simplified geologicalmap of theArtvin area showing the Early Eocene non-adakitic volcanic rocks
with sample locations.
Modified after Van (1990).
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1972; Dokuz, 2011; Kaygusuz et al., 2012; Okay, 1996; Okay and
Şahintürk, 1997; Topuz et al., 2007, 2010; Yilmaz, 1972; Yilmaz et al.,
1997a, 1997b). Late Carboniferous to early Permian shallow marine to
terrigenous sedimentary rocks accompany the granitoids (Çapkınoğlu,
2003; Okay and Şahintürk, 1997). Late Triassic events are interpreted
as associated with a subduction setting (Dokuz et al., 2010; Eyuboglu
et al., 2011d; Karsli et al., 2014). The basement is overlain by early-
and middle-Jurassic tuffs, pyroclastic and interbedded clastic and
carbonate sedimentary rocks (Bektaş et al., 2001; Dokuz and Tanyolu,
2006; Kandemir, 2004; Kandemir and Yilmaz, 2009; Okay and
Şahintürk, 1997; Şengör and Yilmaz, 1981; Yilmaz et al., 1997), and for-
mations of basic volcanic rocks (Arslan et al., 1997; Genç and Tüysüz,
2010; Şen, 2007). Late Jurassic granitoids and their volcanic equivalents
are emplaced into the volcano-sedimentary rocks of Şenköy Formation
during middle–late Jurassic (Dokuz et al., 2010). The subduction polar-
ity and geotectonic evolution of the Eastern Pontides are controversial
at the Cretaceous. Some workers suggested that Eastern Pontides is a
magmatic arc resulting in a northward subduction of the Neotethys
along the southern border of the Sakarya Zone (Akin, 1979; Altherr
et al., 2008; Karsli et al., 2010a; Okay and Şahintürk, 1997; Şengör
et al., 2003; Ustaömer and Robertson, 2010). Conversely, Dewey et al.
(1973), Bektaş et al. (1999) and Eyuboglu et al. (2011a,b) proposed a
southward subduction continued uninterruptedly from Palaeozoic
until the end of the Eocene. The magmatic arc is characterized by a
more than 2-km thick volcano-sedimentary sequence with local in-
trusion of hornblende–biotite granitoids in the northern part of the
Eastern Pontides (Boztuğ and Harlavan, 2008; Boztuğ et al., 2006;
Kaygusuz and Aydınçakır, 2009, 2011; Okay and Şahintürk, 1997;
Yilmaz and Boztuğ, 1996). The southern part introduces a fore-arc
phase where flyschoid sedimentary rocks with limestone olistoliths
were accumulated. The altitude of the Eastern Pontides (above sea
level) during the Paleocene–Early Eocene era is attributed to the
collision between the Pontides and the Tauride–Anatolide platform
(Okay and Şahintürk, 1997; Şengör and Yilmaz, 1981). Post-
Cretaceous magmatic rocks include Paleocene plagioleucitites in
the southern zone (Altherr et al., 2008). There are radiometric ages
on this subduction which related high to ultrahigh potassic rocks
from the western end of the Belt indicating the Late Cretaceous
(Asan et al., 2014; Aydin, 2014; Eyüboğlu, 2010; Genc et al., 2014;
Gülmez et al., 2014). Eocene volcanic and volcaniclastic rocks are in-
truded by calc-alkaline granitoids of a similar age (Arslan and Aslan,
2006; Eyuboglu et al., 2011a; Karsli et al., 2007, 2012). Early Eocene
‘adakitic’ granitoids (Eyuboglu et al., 2011b,c; Karsli et al., 2010a,
2011; Topuz et al., 2005, 2011), and Middle- to Late-Eocene calc-
alkaline to tholeiitic, basaltic to andesitic volcanic rocks, as well as
the cross-cutting granitoids were exposed throughout the Eastern
Pontides (Arslan et al., 1997, 2013; Aslan, 2010; Aydınçakır and
Şen, 2013; Kaygusuz et al., 2011; Temizel et al., 2012; Tokel, 1977).
The Miocene and post-Miocene volcanic history of the Eastern
Pontides is characterized by calc-alkaline to alkaline volcanism
(Aydin et al., 2008; Dokuz et al., 2013; Eyuboglu et al., 2012; Şen
et al., 1998; Yücel et al., 2014).

The Artvin area is located at the eastern-most Pontides in NE
Turkey (Fig. 1a and b). The Late Cretaceous aged dacite, rhyodacite,
and pyroclastics constitute the basement (Fig. 1c). It is conformably
overlain by Late Cretaceous aged basalts and their pyroclastic equiv-
alents intercalated with micritic limestone, sandstone, siltstone, and
marl (Aydınçakır, 2012; Aydınçakır and Şen, 2013). This unit is con-
formably overlain by Paleocene aged sandstone, siltstone, marl and
tuffite alternation. All of these units are cross-cut by the Early Eocene
non-adakitic volcanic rocks (hornblende-rich andesite) (Fig. 1c). The
coarse-grained hornblende-rich volcanic rocks are widely exposed
as small, ellipsoidal bodies and/or dikes around Kale Tepe, Avcıkilise
Tepe and Kuvapt Tepe located at the central part of the map area
(Fig. 1c). All units are unconformably overlain by Quaternary alluvi-
um (Fig. 1c).
3. Analytical techniques

3.1. Whole-rock major and trace element analyses

Based on the petrographical studies, 15 of the freshest andmost rep-
resentative rock samples from the volcanicswere selected formajor and
trace element analyses. To prepare the rock powders, 0.5–1 kg of the
fresh samples was crushed in a steel jaw crusher, and then the samples
were ground in an agate mill to obtain grain sizes of b200 mesh. Major,
trace, and REE elements were determined at the commercial ACME
Analytical Laboratories Ltd, in Vancouver, Canada. The major and trace
element compositions were measured by ICP-AES after 0.2 g samples
of rock powder were fused with 1.5 g LiBO2 and then dissolved via
four acid digestion steps. The loss on ignition was determined by the
weight difference after ignition at 1000 °C. The total iron concentration
was expressed as Fe2O3. The detection limits are in the range of 0.001 to
0.1wt.% formajor element oxides, 0.1 to 10 ppm for trace elements, and
0.01 to 0.5 ppm for REE. Calibration and verification standards together
with reagent blankswere added to the sample sequence. STD SO 18was
certified in-house against 38 certified reference material including
CANMET SY-4 and USGS AGV-1, G-2, GSP-2 andW-2 as known external
standards. The analytical accuracy is better than 4%.

3.2. Microchemical analyses

Electron microprobe analyses on polished thin sections were carried
out at the New Mexico Institute of Mining and Technology, Socorro,
NM, USA, using a Cameca SX-100 electron microprobe with three
wavelength-dispersive spectrometers. Samples were examined using
backscattered electron imagery, and selected minerals were quantita-
tively analyzed. Elements analyzed included F, Na, Mg, Al, Si, P, S, Cl, K,
Ca, Ti, Cr, Mn, Fe, Sr, and Ba. An accelerating voltage of 15 kV and
probe current of 20 nA were used, except for analyses using general
glass labels (i.e., chlorite), which utilized a 10 nA probe current. Peak
count numbers of 20 s were used for all elements, except for F (40 s;
amph/mica), F (60 s; glass), Cl (40 s), S (30 s), Sr (60 s), and Ba (60 s).
Background count numbers were one-half the peak count times. A
point beam of 1 μmwas used to analyze amphibole, pyroxene, epidote,
Fe–Ti oxide, and zircon. A slightly defocused (10 μm) beamwas used to
analyze feldspar, mica, and chlorite to avoid losses caused by sodium
volatilization (Nielsen and Sigurdsson, 1981). Analytical results are
presented in Supplementary Table 1.

3.3. Sr–Nd isotopic analyses

Isotopic analyses of Sr, Nd, and Pb were performed at the Depart-
ment of Geological Sciences, New Mexico State University. All isotopic
measurements were made by TIMS, on a VG Sector 30 mass spectrom-
eter. All samples analyzed were loaded onto rhenium filaments on
either Cathodian beads (single filament only) or on the side filament
of a triple filament assembly. Reproducibility of the 87Rb/86Sr and
147Sm/144Nd ratios are within 0.3%, and the 87Sr/86Sr and 143Nd/144Nd
ratios are within ±0.000025 and ±0.00003, respectively. An analysis
of the NBS 987 standard yielded values of 0.710226 (11), 0.710213
(13), 0.710219 (10), and 0.710260 (11). Neodymium standards were
unavailable and therefore not analyzed. Pb samples were analyzed
using the middle filament position of a Cathodian bead assembly. Sam-
ples were loaded using 5% HNO3 in a matrix of silica gel and phosphoric
acid. Approximately 2 μL of silica gel was positioned on the filament and
1 μL of phosphoric acid was added. Standards were also loaded and
analyzed using the same procedures. The mean of standard runs was
206Pb/204Pb = 16.844, 207Pb/204Pb = 15.379, and 208Pb/204Pb =
36.199. Deviations of the standards arewithin 0.2%. The detailed analyt-
ical procedures for Sr andNd isotopicmeasurements are given in Ramos
(1992).



Fig. 2.Macrophotos of the (a–b) andesite. Microphotographs; (c) sieve texture and oscillatory zoned plagioclase phenocryst (Sample No: A-94, xpl), (d) albite twinned plagioclase and
euhedral hornblende phenocryst (Sample No: A-94, xpl), (e) glomeroporphyric textures formed from plagioclase, hornblende and opaque minerals (Sample No: A-92, xpl),
(f) euhedral hornblende phenocryst (Sample No: A-95, xpl), (g, f) zoned hornblende phenocrysts and rounded, embayed and opaque rims of the (Sample No: A-89, xpl). Symbols for
minerals: Pl, plagioclase; Hbl, hornblend; Op, opaque; Ep, epidote, in the Early Eocene non-adakitic volcanic rocks.
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Fig. 3. (a) An–Ab–Or triangular plot showing the compositions of feldspars, (b) Fe–Ti oxide classification diagram (Bacon and Hirschmann, 1988), (c) classification of calcic amphiboles
from the studied volcanics in the Mg/(Mg + Fe2+) versus Si diagram (after Leake et al., 2004), (d) plot of amphibole composition in the (Ca + AlIV) versus (Si + Na + K) diagram
(after Giret et al., 1980), (e) Substitution of amphiboles in the (Na + K)A versus AlIV diagram (exchange vectors from Al'meev et al., 2002).
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3.4. 40Ar/39Ar dating

40Ar/39Ar incremental heating experiments were carried out in New
Mexico Geochronology Research Laboratory at the New Mexico Tech
University, USA. Whole rock reacted with dilute HCI followed by DI
water rinse in an ultrasound. Fragments picked were free of pheno-
crysts. Hornblende separated by standard magmatic, heavy liquid and
picking techniques. Samples were loaded into machined Al disk and
irradiated for 8 h in the central thimble at the USGS reactor, Denver,
CO. Neutron flux monitor Fish Canyon Tuff sanidin (FC-2). Assigned
age = 28.201 Ma (Kuiper et al., 2008). 40K decay constant 5.643e−10/a
(Min et al., 2000). Thermo-Fisher Scientific ARGUS VI mass
spectrometer is in line with the automated all-metal extraction system.
System = Obama Multi-collector configuration: 40Ar-H1, 39Ar-Ax,
38Ar-L1, 37Ar-L2, 36Ar-L3. Amplification: H1, L1, L2 1E12 ohm Faraday,
AX 1E13 ohm Faraday, L3–CDD ion counter, deadtime 14 nS. Laser step-
heating: samples step-heated with 75 W Photon-machines 810 nm
diode laser. Reactive gases removed by 5 min reaction with 1 SAES GP-
50 getters operated at 450 °C. Gas also exposed to cold finger operated
at −140 °C and a W filament operated at ~2000 °C. Mass spectrometer
sensitivity = 1E−16 mol/fA. Total system blank and background: 60 ±
5%, 0.3 ± 20%, 0.1 ± 50%, 0.20 ± 50%, 0.22 ± 5%, ×10−17 moles for
mass numbers 40, 39, 38, 37, and 36, respectively. J-factors deter-
mined to a precision of ~±0.04% by CO2 laser-fusion of 6 single crystals
from each of 6 radial positions around the irradiation tray. Correction
factors for interfering nuclear reactions were determined using K-
glass and CaF2 and are as follows: (40Ar/39Ar)K =0.0072 ± 0.00002;
(36Ar/37Ar)Ca = 0.0002724 ± 0.0000002; and (39Ar/37Ar)Ca =
0.00069 ± 0.000002.

4. Results

4.1. Petrography and mineral composition

These volcanic rocks are characterized, in hand specimens, by abun-
dant euhedral to subhedral phenocrysts of plagioclase and amphibole,
largely less than 1 cm in length, in whitish-gray and fine-grained
groundmass observed (Fig. 2a and b). The samples were identified as a
coarse-grained porphyritic hornblende andesite composition, petro-
graphically. These volcanic rocks display porphyric, microlitic porphyric,
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Fig. 4. Age, K/Ca and radiogenic yield diagrams of hornblende separates from the Early
Eocene non-adakitic rocks. All errors quoted at 1 sigma.
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glomeroporphyric and sieve textures (Fig. 2c–h) characterized by plagio-
clase and hornblende phenocrysts set in a groundmass of microlites of
plagioclase, hornblende, Fe–Ti oxide and glass. All mineral compositional
data are given in Supplementary Table 1 for Early Eocene non-adakitic
volcanic rocks.

Plagioclases are present both as phenocrysts and microlites in the
groundmass. They show a sieve texture, albite twinning, and oscillatory
zoning, and occur as large euhedral to subhedral crystals. Some of the
plagioclases contain hornblende and opaque minerals as inclusions
and are altered into sericite. Plagioclase compositions range from An14

to An69 with oligoclase and labradorite (Fig. 3a and Supplementary
Table 1).

Fe–Ti oxides are composed of ilmenite and titanomagnetite (Fig. 3b,
Supplementary Table 1). Subhedral/anhedral Fe–Ti oxides are dissemi-
nated through the matrix. They also occur as inclusions in the horn-
blende and plagioclase phenocrysts (Fig. 2e and f).

Amphibole occurs as euhedral to subhedral phenocrysts and
microlites in groundmasses. Phenocrysts (up to 2 mm) are common in
all rock types (Fig. 2g andh). Inmost instances, amphiboles are character-
ized by opaque rims and chloritization. Amphiboles have a (Ca + Na)B

content greater than 1.00, showing that they are calcic with a composi-
tional variation in Si (5.87–6.59), Al (1.61–2.83), (Na + K)A (0.43–0.72),
and AlVI + Fetot + Mg (4.77–4.84). Following the nomenclature of
Leake et al. (2004), hornblendes are classified as magnesio-hastingsite
with AlVI b Fe3+ except for some hornblendes that are edenite (Fig. 3c).
TheMg# of hornblendes vary from 0.57 to 0.77. Amphiboles are char-
acteristically ferric with Fe3+# (Fe3+#_Fe3+ / (Fe3+ + Fe2+)) ratios
ranging between 0.51 and 0.85. All amphibole compositions with
(Ca + AlIV) N 2.5 plot in the field of magmatic amphiboles (Fig. 3d)
proposed by Giret et al. (1980). The substitutionmechanism (exchange
vectors after Sakoma et al. (2000)) for the chemical composition of
amphiboles is that of Ca + AlVI = SiNa (Fig. 3d). Amphiboles from vol-
canic rocks indicate a parallel trend for the pargasitic and hastingsitic
substitution vectors in (Na + K)A versus AlIV plot (Fig. 3e).

4.2. 40Ar–39Ar incremental heating dating

The results are given in Supplementary Table 2. Fig. 4 shows the
results in the form of age spectra. The three hornblende separates
yield ages of 50.04 ± 0.10, 50.33 ± 0.13, and 50.47 ± 0.22 Ma
(Fig. 4), corresponding to the Early Eocene (Ypresian).

4.3. Whole-rock geochemistry

Geochemical data for the non-adakitic volcanic rocks are given
in Table 1. The non-adakitic volcanic rocks are characterized by
55.34–63.52 wt.% SiO2, 17.37–18.94 wt.% Al2O3, 4.21–6.75 wt.%
Fe2O3tot, 1.38–3.35 wt.% MgO, 304–546 ppm Sr, 12.5–16.2 ppm Y,
1.26–1.80 ppm Yb, and 3.7–15.1 ppm Rb (Table 1). Their Mg# num-
bers are between 39 and 51 (Table 1). In the total alkali-silica diagram
(Fig. 5a), the rocks are classified as trachy-andesite, andesite, and dacite.
This is further supported by the Zr/TiO2 ∗ 0.0001 versus Nb/Y diagram
(Winchester and Floyd, 1977; Fig. 5b). In addition to this, due to mobil-
ity of Na2O and K2O, we classified the samples with the Co–Th diagram
(Hastie et al., 2007). In this diagram, all the samples plot in calc-alkaline
field (Fig. 5c).

This non-adakitic volcanic rocks fall into the normal arc andesite–
dacite–rhyolite field with their relatively high Y (12.5–16.2 ppm) con-
tents and low La/Yb (4–6) values on the Y versus Sr/Y and condrite-
normalized Ybn versus (La/Yb)n diagrams (Fig. 6a and b).

The non-adakitic volcanic rocks display negative trends between
SiO2 and MgO, Fe2O3

tot, TiO2 and Yb and relatively positive correlation
with P2O5 and Al2O3. Although K2O and Na2O show scatter, they display
an increasing trend with SiO2 (Fig. 7). The variation observed above
could reveal fractional crystallization processes. The increase in CaO
and Al2O3 might suggest accumulation of feldspar and amphibole in
the rocks. The scatter of K2O and Na2O for the samples could be related
to alteration, but can also be related to the accumulation of plagioclase
respectively in these rocks. Decreasing Fe2O3

tot andMgOwith increasing
SiO2 are probably related to hornblende fractionation in the samples
(Fig. 7). The 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). The
primitive mantle-normalized trace element distribution patterns of
the rocks studied show enrichment in large ion lithophile elements
(LILE; e.g., Rb, Th, K) relative to high field strength elements (HFSE)
and also negative Nb, Ta, and Ti anomalies. Chondrite-normalized
(Boynton, 1984) rare earth element patterns for the rocks studied
show light rare earth element (LREE) enrichment with respect to
heavy rare earth element (HREE) (La/Yb)n ratios ranging from 2.61 to
5.51, with no significant Eu (mean Eun/Eu* = 1.03–1.08) anomalies
(Fig. 8c, d). These properties of rare earth elements of the rocks suggest
that it is controlled by amphibole fractionation. The lack of any
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Table 1
Whole-rock major and trace element compositions of Early Eocene non-adakitic samples from the Artvin area.

Rock type and and and and and and and and and and and tr-and tr-and tr-and tr-and

Sample A84 A85 A86 A87 A88 A89 A94 A90 A93 A96 A102 A82 A91 A83 A95

SiO2 56.58 63.03 58.60 55.34 62.63 56.76 57.91 57.13 63.52 58.84 58.38 55.65 56.73 56.02 56.65
TiO2 0.45 0.32 0.37 0.48 0.32 0.47 0.51 0.46 0.31 0.36 0.36 0.48 0.45 0.47 0.46
Al2O3 18.55 17.57 18.94 18.45 17.37 18.03 19.17 18.61 17.59 18.87 18.82 18.56 18.44 18.51 18.7
Fe2O3

tot 6.34 4.26 5.48 6.75 4.23 6.22 6.65 6.35 4.11 5.28 5.42 6.66 6.25 6.44 6.32
MnO 0.16 0.17 0.18 0.16 0.17 0.14 0.16 0.16 0.17 0.18 0.18 0.15 0.17 0.15 0.17
MgO 2.99 1.38 2.14 3.35 1.42 3.21 3.20 2.97 1.45 2.13 2.20 3.32 2.91 3.31 3.09
CaO 5.88 5.23 7.17 8.25 5.23 8.18 8.71 5.81 4.75 7.13 7.07 5.45 5.08 5.38 5.27
Na2O 5.09 4.53 3.81 2.96 4.46 2.93 3.17 5.16 4.48 3.75 3.75 5.76 6.15 5.83 5.86
K2O 0.26 0.34 0.33 0.30 0.30 0.54 0.39 0.26 0.27 0.30 0.32 0.56 0.25 0.58 0.23
P2O5 0.12 0.19 0.14 0.11 0.19 0.14 0.12 0.12 0.18 0.13 0.14 0.12 0.12 0.11 0.12
LOI 3.4 2.9 2.7 3.6 3.5 3.2 1.3 2.8 3.0 2.9 3.2 3.1 3.3 3.1 3
Sum 99.80 99.89 99.88 99.81 99.85 99.83 99.82 99.83 99.87 99.87 99.85 99.81 99.81 99.86 99.84
Mg# 48 39 44 50 40 51 49 48 41 44 45 50 48 50 49
Ni 5.5 1.6 3.5 5.7 1.6 6.8 4.2 4.2 1.6 3 3.8 4 3.9 5.1 3.9
Sc 14 6 9 16 6 16 16 13 5 8 9 15 14 15 14
Ba 179 167 176 163 160 123 166 208 160 175 165 165 185 190 177
Co 13.2 4 7.4 14.8 4.6 13.5 14.7 13.7 4.8 8.9 9.2 14.3 12.6 15.2 13.9
Cs 1 0.5 0.3 0.6 0.4 0.3 0.4 1.2 0.5 0.3 0.2 0.6 1.1 0.8 1.1
Ga 17.7 14.3 15 16.3 15.1 17 17.9 17.2 16.3 16.3 16.4 16.5 17.4 17.5 16.7
Hf 1.7 2.2 2.3 1.6 2.3 1.6 2.1 1.6 2 1.9 2 1.8 1.5 1.8 2
Nb 1.9 3.5 2.4 2.4 2.7 2.6 2.1 2.6 2.8 2.6 2.3 2 2.1 2.3 2.2
Rb 3.7 9.8 6.1 6.2 9.9 15.1 10.3 4.7 9.9 6.7 6 12.6 3.9 14.1 4.6
Sr 486 428.7 395.2 337.5 407.7 313.7 304.3 522 442.2 409.8 391.9 311.5 526.8 333.5 545.5
Ta b0,1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 b0,1 0.1
Th 1.4 1.3 1.1 1.3 1.5 1 1 1.5 1.5 1.2 1.2 1.1 1 1.5 1.4
U 0.5 0.4 0.4 0.4 0.4 0.3 0.3 0.4 0.5 0.4 0.4 0.4 0.5 0.4 0.4
V 133 28 57 144 35 119 143 144 39 74 67 145 127 152 137
Zr 59.3 65.5 56.6 57.3 70.9 61.9 59.3 63.3 75.3 64.1 65.4 59.1 61.6 60.1 60.5
Y 13.4 12.5 13.3 14 12.7 14.4 16.2 13.4 13.2 13.6 14 13.4 13.6 13.7 13.8
Cu 27.2 2.5 8.4 23.2 1.6 18.9 28.9 32.4 1.1 8.4 7.9 25.3 26.5 33.2 30.7
Pb 3.1 1.8 2.1 2.2 1.6 1.6 1.1 2.7 1.2 1.7 1.9 4.6 3.2 2.7 3.2
Zn 44 76 41 44 53 26 24 48 58 35 34 47 37 53 43
La 7.7 10.3 8.2 7.8 9.4 7 7 8.7 10.7 8.5 7.4 7.5 8.1 8.6 8.9
Ce 15.2 21.5 17.1 15 20.4 15.5 14.9 17 21.6 17.4 17.2 15.1 16.3 16.7 17.2
Pr 1.98 2.61 2.16 1.96 2.66 1.97 1.99 2.07 2.75 2.3 2.18 1.89 2.05 2.01 2.11
Nd 7.7 10.9 8.5 7.4 10.2 8 8.5 9 11.8 9.7 9.2 7.3 7.7 8 8.9
Sm 1.84 2.34 2.24 1.85 2.27 1.98 2.07 1.89 2.33 2.14 2.12 1.73 1.8 1.85 1.88
Eu 0.65 0.78 0.77 0.67 0.75 0.7 0.75 0.67 0.8 0.79 0.76 0.64 0.64 0.65 0.67
Gd 1.84 2.1 2.07 1.99 2.14 2.05 2.33 2.07 2.23 2.29 2.14 1.91 1.97 2.12 2.05
Tb 0.34 0.34 0.35 0.36 0.34 0.36 0.4 0.33 0.32 0.35 0.37 0.34 0.34 0.33 0.33
Dy 2.12 2.02 2.53 2.28 1.97 2.45 2.43 2.31 2.1 2.32 2.11 2.21 2.17 2.23 2.27
Ho 0.42 0.38 0.46 0.46 0.39 0.48 0.53 0.45 0.45 0.45 0.42 0.45 0.43 0.42 0.48
Er 1.43 1.22 1.29 1.43 1.31 1.47 1.68 1.36 1.17 1.35 1.34 1.44 1.37 1.32 1.33
Tm 0.24 0.23 0.22 0.24 0.22 0.26 0.29 0.22 0.2 0.23 0.24 0.24 0.25 0.23 0.23
Yb 1.45 1.26 1.71 1.55 1.49 1.66 1.8 1.52 1.4 1.65 1.6 1.47 1.55 1.45 1.56
Lu 0.25 0.25 0.27 0.26 0.25 0.26 0.28 0.26 0.26 0.27 0.27 0.25 0.25 0.25 0.25
Sr/Y 36.3 34.3 29.7 24.1 32.1 21.8 18.8 39.0 33.5 30.1 28.0 23.2 38.7 24.34 39.53
(La/Yb)n 3.58 5.51 3.23 3.39 4.25 2.84 2.62 3.86 5.15 3.47 3.12 3.44 3.52 4.00 3.85
(Yb)n 6.94 6.03 8.18 7.42 7.13 7.94 8.61 7.27 6.70 7.89 7.66 7.03 7.42 6.94 7.46
Eu/Eu* 1.07 1.06 1.08 1.06 1.03 1.05 1.04 1.03 1.06 1.08 1.08 1.07 1.03 1.00 1.04

Rock types: and, andesite; tr-and, trachy-andesite; Mg# is 100 × MgO / (MgO + 0.9FeOtot) in molar proportions. Oxides are given in wt.%, trace elements in ppm.
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conspicuous positive or negative Eu anomaly indicates that neither pla-
gioclase fractionation nor melting that left behind plagioclase-bearing
residueswas important in the generation ofmagmas for the Artvin area.

4.4. Whole-rock Sr–Nd isotope composition

The Sr and Nd isotopic compositions of four samples are listed in
Table 2 and plotted in Fig. 9 togetherwith themantle array and thefields
for MORB and adakites (Castillo, 2012), Early Eocene adakitic rocks from
the Eastern Pontides, Turkey (Eyuboglu et al., 2011a,c; Karsli et al.,
2010b, 2011; Topuz et al., 2005, 2011), and Eastern Pontides calc-
alkaline volcanics (Arslan et al., 2013; Aydınçakır and Şen, 2013;
Kaygusuz et al., 2011; Temizel et al., 2012). All of the samples show a
small range of Sr–Nd isotope ratios with ISr (50 Ma) ranging from
0.70451 to 0.70485 and 143Nd/144Nd (50 Ma) ratios (0.51272–0.51276)
corresponding to εNd(50 Ma) values from 2.9 to 3.7 (Fig. 9). The Nd
model ages (TDM) of the samples are young and relative to the de-
pleted mantle range from 0.69 to 0.84 Ga (Table 2). As illustrated in
Fig. 9, the volcanic rocks are placed on the mantle array in the depleted
quadrants of a conventional Sr–Nd isotope diagram. These values nearly
correspond to those estimated for bulk earth, so they are similar to
those of other volcanics of the Early Eocene adakitic rocks and the
Middle Eocene calc-alkaline volcanics from Turkey.

5. Discussion

5.1. Petrogenesis of the non-adakitic volcanic rocks

The volcanic rocks present geochemical fingerprints typical for those
of the subduction zone volcanic rocks, such as enrichment in LILE and
LREE and negative Nb, Ta anomalies (Baier et al., 2008; Elburg et al.,
2002; Pearce, 1983; Thompson et al., 1984). The most basic samples of



Fig. 5. Volcanic rocks on various geochemical classification diagrams. (a) Na2O + K2O wt.% versus SiO2 wt.% diagram (Le Bas et al., 1986), (b) Zr/TiO2 ∗ 0.0001 versus Nb/Y diagram
(Winchester and Floyd, 1977), (c) Th (ppm) versus Co (ppm) (Hastie et al., 2007).
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the rocks lack primitive rocks with Mg# N70 or high compatible
element abundances—for example, Ni N 200 ppm, Cr N 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 volcanic rocks in the Eastern
Pontides, provide constraints on the nature of the mantle source,
the evolutionary processes of the parental magma, and the
geodynamic setting. The principal evidence for such a generation is
clearly illustrated below.
Fig. 6. Adakite discrimination diagrams (a) Y versus Sr/Y, and (b) Ybn vers
5.2. Magma evolution: fractional crystallization versus assimilation processes

The non-adakitic volcanic rocks have low Ni (1.6–6.8), Co (4–15.2),
and Mg# (39–51) contents, suggesting that the most mafic samples of
the volcanic rocks are not a product of primary magma. The Harker
variation diagrams show that chemical trends may be consistent with
fractional crystallization with minor contamination (Fig. 7). The lack
of negative Eu anomalies in the most primitive samples (Fig. 8) indi-
cates that plagioclase was not a major fractionating mineral phase.
us (La/Yb)n (Defant and Drummond, 1990; symbols are as in Fig. 5a).
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Fig. 7. Harker variation diagrams for the studied volcanic rocks (symbols are as in Fig. 5a).
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Major and trace element compositions of the volcanic rocks indicate
that hornblende ± plagioclase ± magnetite ± apatite 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 depletion
and enrichment in Y relative to the calc-alkaline series standard, respec-
tively. In the Y versus CaO diagram (Fig. 10), nearly all of the rocks plot
on the Y-depleted side of the standard calc-alkaline trend, defined as
a J-type trend. This trend implies that hornblende played an important
role in the evolution of the volcanic rocks. In the Sr and Nd isotopic di-
agram, the volcanic rocks plot between MORB and bulk silicate Earth
(Fig. 9) isotopic ratios. This is not consistent with extensive crustal
contamination.

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 generally to be a re-
sult of plagioclase fractionation (Fig. 11a). The crystallization of V and
Fe–Ti oxides within volcanic rocks is reflected by a trend of decreasing
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Fig. 8. Primitive mantle-normalized multi-element abundances (a, b) and chondrite-normalized REE patterns (c, d). The PM values are from Sun and McDonough (1989) and chondrite
values are from Boynton (1984), (symbols are as in Fig. 5a).
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Ti/Zr and V/Ti for residual melts (e.g., Nielsen et al., 1994; Pearce and
Norry, 1979). The Zr concentrations appear to be controlled almost ex-
clusively by fractionation. Zirconium enrichment relative to Sm is often
attributed to amphibole fractionation (Thirlwall et al., 1994). Moreover,
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 changes in the trace elements present and
the isotopic composition of mantle-derived arc magmas (Thirlwall
et al., 1996). Arslan et al. (2013) and Aydınçakır and Şen (2013) argued
for the contamination of the primary melt by mature and thickened arc
crusts as an important feature of post-collisional Tertiarymagmatism in
the Eastern Pontide belt. The composition of these rocks was mainly
modified by fractional crystallization rather than by AFC. In Fig. 12, the
ISr(50 Ma), and εNd(50 Ma) ratios are plotted against SiO2, MgO, Th,
Table 2
Sr and Nd isotope data for the Early Eocene non-adakitic volcanic rocks from the Eastern Ponti

Sample Rb
(ppm)

Sr
(ppm)

87Rb/86Sr 87Sr/86Sr 2σm ISr
(50 Ma)

Sm
(ppm)

Nd
(ppm)

Trachyandesite
A82 12.6 312 0.0404 0.704938 11 0.70485 1.73 7.30

Andesite
A87 6.2 338 0.0184 0.704738 10 0.70470 1.85 7.40
A89 15.1 314 0.0481 0.704784 11 0.70468 1.98 8.00
A94 10.3 304 0.0338 0.704579 10 0.70451 2.07 8.50

Note: εNd = ((143Nd/144Nd)s / (143Nd/144Nd)CHUR − 1) × 10,000, (143Nd/144Nd)CHUR = 0.512
Nd single-stage and two-stage model ages (TDM* and TDM**) are calculated with a d
147Sm/144Sm = 0.219 (Liew and Hofmann, 1988).
and 1/Sr to evaluate the role of fractional crystallization (FC) or the
AFC processes. The plot of La/Yb ratios versus La contentsmay be consis-
tent with the suggestion that the partial melting process was controlled
the compositional variation. Positive or negative trends attest to the fact
that the magmas were affected by AFC processes, whereas nearly
constant trends indicate significant crystallization.

5.3. Source characteristics

The non-adakitic volcanic rocks are characterized by enrichments
in LILE and LREE. 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).
des.

147Sm/144Nd 143Nd/144Nd (143Nd/144Nd)i
(50 Ma)

2σm εNd(0) εNd
(50 Ma)

TDM*
(Ga)

0.1439 0.512812 0.512764 9 3.4 3.7 0.69

0.1518 0.512808 0.512757 9 3.3 3.6 0.78
0.1503 0.512773 0.512723 9 2.6 2.9 0.84
0.1479 0.512812 0.512762 9 3.4 3.7 0.73

638, and (147Sm/144Sm)CHUR = 0.1967 (Jacobsen and Wasserburg, 1980).
epleted-mantle reservoir and present-day values of 143Nd/144Nd = 0.513151 and
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Fig. 9. Variation of ISr (50 Ma) versus εNd (50Ma) values. Fields for MORB and adakite/mg
andesite from Castillo (2012), the Early Eocene adakitic rocks from Topuz et al. (2005,
2011), Karsli et al. (2010b, 2011), Eyuboglu et al. (2011a,c), and Dokuz et al. (2013), the
Eastern Pontide calc-alkaline volcanic rocks (Arslan et al., 2013; Aydincakir and Şen,
2013; Kaygusuz et al., 2011, Temizel et al., 2012) (symbols are as in Fig. 5a).
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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
developed 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. The Sr isotope ratiosmight be expected to be variable, depending
onwhether the fluids have interactedmainly with altered basaltic crust
(≥0.7047; Bickle and Teagle, 1992; Staudigel et al., 1995) or subducted
sediment (N0.709). This indicates that the fluid components had
similarly low 87Sr/86Sr. Rocks from depleted and enriched arcs
show (Fig. 13a) a hyperbola that implies that high Sr/Th (and thus,
LILE/HFSE) ratios are better developed in the more depleted arc rocks,
whereas low Sr/Th is accompanied by high 87Sr/86Sr. The volcanic
rocks span an array (Sr/Th N 200; 87Sr/86Srb 0.705) similar to that of de-
pleted arcs, and show evidence for a considerable fluid input to their
sources. Pb is fluid mobile like Sr, whereas Nd is fluid immobile and
Fig. 10. CaO (wt.%) versus Y (ppm) plot for the studied volcanic rocks. Shaded area repre-
sents the “standard” calcalkaline trend of Lambert and Holland (1974). The vectors show
qualitative trends of the effect of fractional crystallization of common silicates (symbols
are as in Fig. 5a).
this accounts for the vertical correlation of Pb/Nd versus Nd isotope ra-
tios (Fig. 13b). The positive correlation between Th/Nd and Pb/Nd
(Fig. 13c) shows that Pb and Th were affected similarly by subduction
flux. There is an obvious vertical correlation between Gd/Yb and Th/Yb
ratios of the non-adakitic volcanic rocks (Fig. 13d), indicating that the
addition of slab fluids into the mantle wedge was in the form of an
aqueous fluid rather than a slab melt.

The volcanic rocks represent somewhat high and flat HREE patterns
(Fig. 8). This would normally indicate that the protolith may be garnet
rich and would leave 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 rocks may be examined
in the Th/Yb versus Ta/Yb (Pearce et al., 1990, Fig. 14) diagram. In this
diagram, the rocks form a trend sub-parallel to the mantle array, but
shifted to higher Th/Yb ratios. This suggests a melt derivation from a
source which itself had been previously enriched (or metasomatized)
by fluids derived from an earlier (i.e., pre-Eocene) subduction process
(e.g., Arslan et al., 2013; Aydınçakır and Şen, 2013). Bradshaw and
Smith (1994) and Smith et al. (1999) implied that because HFSE (such
as Nb and Ta) are depleted in the lithospheric mantle relative to the
LREE, high Nb/La ratios (~N1) indicate an OIB-like asthenospheric man-
tle source for basaltic magmas, and lower ratios (~b0.5) indicate a lith-
osphericmantle source. TheNb/La (0.25–0.39) and La/Yb (2–6) ratios of
the non-adakitic volcanic rocks in the Artvin area suggest a lithospheric
mantle source. Their Ce/Pb (3–18) ratios differ from those of oceanic ba-
salts (~25; Hofmann, 1997), indicating that asthenospheric mantle
melts were not likely the source. The plot of La/Sm versus Sm/Yb distin-
guishes betweenmelting of garnet and spinel peridotite sources. All the
samples plot along thebatch-melting curve of spinel peridotite (Fig. 15).
REE modeling indicates that the non-adakitic volcanic rocks formed by
spinel peridotite sources.

The Sr and Nd isotope ratios of the rocks define a narrow field be-
tween those of bulk earth composition and depleted mantle (Fig. 9).
The isotope ratios are very close to those of Eastern Pontides calc-
alkaline volcanics (Arslan et al., 2013; Aydınçakır and Şen, 2013;
Kaygusuz et al., 2011; Temizel et al., 2012). On the basis of the combined
trace elements and the Sr–Nd isotope data, we concluded that the paren-
talmagmaof the volcanic rockswas derived from thepartialmelting of an
enriched lithospheric mantle, which had been previously metasomatized
by fluids derived from oceanic crust during previous subduction
processes.

6. Geodynamic scenario for the non-adakitic volcanic rocks

The Eastern Pontides were affected by a complex tectonic regime
since the late Paleocene–early Eocene (Okay and Şahintürk, 1997),
and constitute an upper Mesozoic–early Tertiary east–west-trending
magmatic belt (Fig. 1a). This belt is interpreted as an Andean type island
arc developed 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; Yilmaz et al., 1997a, 1997b). The closure of the
Neotethyan Ocean was caused by a collision between the Pontide
arc and the Tauride–Anatolide platform (Şengör and Yilmaz, 1981)
(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 (Akin, 1979; Boztuğ et al., 2004; Karsli et al., 2011; Robinson
et al., 1995; Tokel, 1977; Topuz et al., 2011). During the Paleocene–
Early Eocene time, the Eastern Pontides were above sea level (Okay
and Şahintürk, 1997), but based on structural data and the composition
and timing of igneous activity, some authors (Boztuğ et al., 2006, 2007;
Karsli et al., 2011; Okay and Şahintürk, 1997; Şengör and Yılmaz, 1981;
Topuz et al., 2005, 2011; Yilmaz et al., 1997a, 1997b) propose a
Paleocene–Early Eocene (ca. 55 Ma) collision, resulting in crustal thick-
ening and the regional uplift of the Eastern Pontides. Robinson et al.
(1995) and Tokel (1977) considered that the Middle Eocene volcanic
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Fig. 11.Whole rock trace-element ratios (log scale) plotted vs. silica for volcanic rocks from the Artvin 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) V/Ti and Ti/Zr variation
show a strong signature of Fe–Ti oxide fractionation, but also may have been affected by amphibole fractionation (symbols are as in Fig. 5a).
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rocks formed during the northward subduction of the Eastern Pontides
and the subsequent collision occurred in the Oligocene (ca. 30 Ma). A
different model (Eyüboglu et al., 2011b, 2011c) showed that Eocene
volcanic rockswere generated by slabwindow-related processes during
ridge subduction in a south-dipping subduction zone.

There is significant consensus about the Eocene magmatism in the
Pontides formed during a post-collisional, extensional geodynamic
setting (Arslan et al., 2013; Aydin et al., 2008; Aydınçakır and Şen,
2013; Boztuğ and Harlavan, 2008; Boztuğ et al., 2004; Karsli et al.,
2007, 2012; Temizel et al., 2012; Topuz et al., 2005, 2011; Yılmaz and
Boztuğ, 1996; Yilmaz et al., 1997a, 1997b). Characteristics of isotopic
analysis and the whole-rock geochemistry of the Early Eocene non-
adakitic volcanic rocks indicate that the parental magmas were derived
from a partial melting of an enriched lithospheric mantle. The partial
melting of the lithosphericmantle could be due to twodifferent reasons.
These are (1) due to the adiabatic decompression resulting from the
uplift of a slab break-off, and (2) because of an increase in heat from
the upwelling asthenospheric mantle.

Four different models were proposed for the dynamic mechanism
during the post-collisional setting: (1) slab break-off (Davies and von
Blanckenburg, 1995; Kohn and Parkinson, 2002), (2) delamination of
the lithosphere (Bird, 1979; Kay and Kay, 1993), (3) convective removal
of the lithosphere (Houseman et al., 1981), and (4) intra-continental
subduction (Arnaud et al., 1992; Tapponier et al., 2001). In all four
models, asthenospheric upwelling is themain heat source for the partial
melting. In the case of the Early Eocenenon-adakitic volcanic rocks from
the region, a generation from an enriched lithospheric mantle is
documented by major and trace element features, Mg#, Sr–Nd isotope
characteristics, weak negative Eu anomalies, positive εNd (t) values,
and homogenous and low ISr (50 Ma) values (~0.704) of the samples.
The last three models do not notably account for the generation of
Early Eocene non-adakitic volcanic rocks. The collision took place
between the Eastern Pontide and Anatolide–Tauride platform in the
Paleocene (Okay and Şahintürk, 1997; Şengör and Yılmaz, 1981) The
delamination process can not possibly be seen for the Eastern Pontides
for a few reasons. First, the crustal thickness should be about twice of
normal thickness (~70 km, Molnar, 1990) after collision. Such a crustal
thickness can be achieved as the result of the continent–continent colli-
sion by thrust stacking and shortening. The Paleocene collision occurred
between two small continental blocks (e.g., the Eastern Pontides and
the Anatolide–Tauride Block). Second, the time span of 10–15 Ma be-
tween initiation of collision and the first appearance of adakitic and
non-adakitic magmatism (Late Paleocene–Early Eocene) in the Eastern
Pontides was not enough to provide crustal thickening up to 70 km.
Eocene structural and geophysical evidence are lacking for intra-
continental subduction in the region. In the region, an active subduction
is not a case during Early Eocene time. There is no known arc
magmatism younger than 65 Ma in the Eastern Pontides although
some researchers have interpreted the Middle Eocene igneous activity
as subduction-related (Eyüboğlu et al., 2011c; Ustaömer et al., 2010).
Following igneous activity occurred between 52 and 40 Ma and geo-
chemical and isotopic signatures typical post-collisional rather than
for subduction-related rocks (Arslan and Aslan, 2006; Arslan et al.,
2013; Aydincakir and Şen, 2013; Karsli et al., 2012). Existing age data
of the Eastern Pontides express a ~13Maperiod ofmagmatic stagnation
between the final subduction-related products and those formedduring
the following collisional periods. In contrast, the slab break-off model is
more probable because the evidences support its occurrence in north-
west and north-central Turkey in the Early Eocene as a result of a series
of continental collisionswithin theNeotethyan realm (Altunkaynak and
Dilek, 2006; Dilek and Altunkaynak, 2007; Dilek et al., 2010; Keskin
et al., 2008). In this context, the following scenario is proposed for the
genesis of the Early Eocene adakitic and non-adakitic suite (Fig. 16).
The subduction of the NeotethyanOcean occurred through the Late Cre-
taceous (Fig. 16a), followed by the collision between the Pontides and
Anatolide–Tauride platform in the Paleocene (Fig. 16b) and finally the
slab break-off of theNeotethyan oceanic slab (Fig. 16c). The source, geo-
chemical signature, and timing of the Early Eocene magmatism are so
important because there is still an ongoing debate on the origin and tec-
tonic setting of the Eocene magmas in the Eastern Pontides. In some of
recent studies (Karsli et al., 2010b, 2011, 2013; Topuz et al., 2005,
2011) the adakitic rocks of the Eastern Pontides are believed to have
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Fig. 12. (a) ISr (50Ma) vs. SiO2 (wt.%), (b) Nd (50Ma) vs. SiO2 (wt.%), (c) ISr (50Ma) vsMgO (wt.%), (d) ISr (50Ma) vs. (1/Sr) × 103 (ppm−1), (e) La/Yb vs. La (ppm) and (f) ISr (50Ma) vs Th
(ppm) plots for the Early Eocene non-adakitic volcanic rocks from the Eastern Pontides (symbols are as in Fig. 5a).
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formed by partial melting of thickened lower crust following the Paleo-
cene collision of Pontides with the Tauride (Fig. 16c). However, oceanic
slabmelting during the slab break-off of the other model was proposed
by Dokuz et al. (2013) for the origin of the adakitic rocks. On the other
hand, according to a contrasting view these rocks were generated by
slabwindow processes during ridge subduction in a south-dipping sub-
duction zone (Eyuboglu et al., 2011a,c). The latterwas thus an inevitable
geodynamic event that occurred before the Middle Eocene. All of these
events because they caused a loss of pressure over the asthenosphere,
should have accelerated the asthenospheric uplift in the Early Eocene.
This asthenospheric upwelling caused partial melting of the chemical-
ly-enriched sub-continental lithospheric mantle (SCLM) in a post-
collisional setting in the Eastern Pontides throughout the Early Eocene
(Fig. 16c).

7. Conclusions

The present study provides new constraints for the geodynamic evo-
lution of the Eastern Pontides. The Early Eocene non-adakitic volcanism
has not previously been reported in this region. Therefore, the petroge-
netic and geodynamic processes of the Eastern Pontides are still debat-
ed. The results are as follows.
The Early Eocene non-adakitic volcanic rocks consist of andesite and
trachy-andesite that display porphyric, microlitic porphyric, hyalo-
microlitic porphyric, and glomeroporphyric textures. The rocks include
hornblende (Mg# = 0.57–0.77), plagioclase (An14–69), and magnetite/
Ti-magnetite. The 40Ar–39Ar dating of the exhibits ages between
50.04 ± 0.10 and 50.47 ± 0.22 Ma (Ypresian). The volcanic rocks
display tholeiitic to calc-alkaline character, with low and medium-K
contents. All samples display similar geochemical features, which
are characterized by the enrichment of LILE and LREE and deple-
tion of HFSE without Eu anomalies, suggesting a similar parental
magma and petrogenetic scenario. Fractional crystallization (FC)
with minor contamination by upper crustal materials occurred
during the evolution of the volcanic rocks. Hornblende, plagio-
clase, and Fe–Ti oxides were the most important fractionating mineral
phases.

The Early Eocene non-adakitic volcanic rocks have narrow ISr (50Ma)
values varying between 0.70451 and 0.70485 and εNd(50 Ma) values
between 2.9 and 3.7. These isotopic features, in conjunction with their
geochemical characters, suggest that the parental magma of the volcanic
rocks originated from themelting of a young lithospheric mantle (TDM is
from 0.69 to 0.84 Ga), which was metasomatized by fluids derived from
the subducted slab during the Early Cenozoic time. These rocks are
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Fig. 13. (a) 87Sr/86Sr vs. Sr/Th variations in Early Eocene non-adakitic volcanic rocks. Fields 1 and 2 enclose data from arcs considered incompatible element depleted and enriched, respec-
tively, byHawkesworth et al. (1997). The arrows show the sense of enrichment predicted from addition of fluid and sedimentary components to themantlewedge, (b) 143Nd/144Nd versus
Pb/Nd, (c) Th/Nd versus Pb/Nd, and (d) Gd/Yb versus Th/Yb diagrams for the Early Eocene non-adakitic volcanic rocks. MORB values from Pearce and Parkinson (1993), (symbols are as in
Fig. 5a).
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considered to have been produced by partial melting of the lithospheric
mantle in response to hot upwelling of the asthenosphere, possibly
triggered by the break-off of the oceanic slab in a post-collision uplift
phase representing compression in the Eastern Pontides.
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Fig. 16. Schematic diagram showing the tectonic evolution of the area studied between 81
and 50 Ma (a–c) and magmatic activity at ~50 Ma in Eastern Pontides, NE Turkey.
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