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ABSTRACT

The Eocene intermediate to felsic plutons are widespread in varying sizes and compositions throughout
the Eastern Pontides Orogenic Belt in NE Turkey. Of these, two monzonitic bodies (namely the
Eriko Tepe and Gol Tepe Plutons) in the Golkdy (Ordu) area, extend nearly in the orientation of NW-
SE and E-W and were emplaced into the Upper Cretaceous and/or Eocene volcanic and sedimentary
rocks. Petrographically, the studied monzonitic plutons are compositionally fine to medium
grained monzonite, monzodiorite and subordinate quartz-monzonite. They consist of plagioclase
(An,, ), K-feldspar (Or,, ,), quartz, clinopyroxene (Wo,,  En. . Fs ), biotite (Mg#: 0.53-0.73)
+ hornblende (Mg#: 0.65-0.82), Fe-Ti oxide with monzonitic, poikilitic, perthitic, rare antirapakivi
and graphic textures. Mineral thermobarometer estimations imply that the plutons were crystallized
in P-T conditions of mid to shallow crustal levels. Petrochemically, these monzonitic plutons show
post-collisional, I-type, metaluminous (A/CNK=0.76-0.93) and shoshonitic features. The whole-
rock major oxide and trace element variations suggest that fractionational crystallization played
a significant role in the evolution of these monzonitic plutons. The primitive mantle-normalized
trace element patterns of the studied plutons are similar to each other with enrichment in large ion
lithophile elements, Th, Ce and negative Nb and Ti anomalies. Moreover, the chondrite-normalized
rare earth element plots of the plutons show moderately enriched concave-shaped patterns
(La/Lu,=9.3-12.6) with negative Eu anomalies (Eu /Eu*=0.69-0.84), all of which imply plagioclase
and clinopyroxene + hornblende fractionations during their evolution. The geochemical data suggest
that the monzonitic plutons have evolved from parental magmas derived from the melts of enriched
lithospheric mantle, in a post-collisional setting.

1. Introduction

The plutons observed in the Eastern Pontides

emplaced into the metamorphic rocks. The Cretaceous
granitoids have a contact relation with volcanic and/
or volcanoclastic rocks related to subduction (Y1ilmaz

Orogenic Belt (EPOB) have a wide age interval from
Paleozoic to Tertiary, and they are formed by mafic
and felsic rocks mainly ranging from gabbro to granite.
These plutons have intruded in three time periods
mainly during the Permo-Carboniferous, Cretaceous
and Eocene. Of these, the Permo-Carboniferous
granitoids (Y1lmaz, 1972; Cogulu, 1975; Topuz et al.,
2010; Dokuz, 2011; Kaygusuz et al., 2012, 2016) were

and Boztug, 1996; Karsh et al., 2010q; Kaygusuz
et al., 2008, 2009, 2010, 2011, 2012; Kaygusuz and
Aydmgakir, 2009, 2011; Kaygusuz and Sen, 2011;
Karsli et al., 2012a; Kaygusuz et al., 2013, 2014).
On the other hand, the fewer Eocene and post Eocene
granitoids have cut all the series in narrow areas
(Yi1lmaz and Boztug, 1996; Aslan et al., 1999; Topuz,
2002; Arslan and Aslan, 2006; Karshi et al., 2007;
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2011, 2012b; Kaygusuz and Oztiirk, 2015).

In the eastern part of the EPOB (especially in
Gilimiigshane and Bayburt regions) there have been
many studies of the geochemistry, petrogenesis and
the geochronology of some of the Eocene plutons
(eg. Arslan and Aslan, 2006; Karsli et al., 2007; 2011,
2012b; Kaygusuz and Oztiirk, 2015). There are limited
radiometric ages of the Eocene plutonic rocks in the
region, and the age of many plutons were determined by
the contact and stratigraphic relationships. However,
Eocene plutons located in the G6lkdy (Ordu) locality
in the western part of the region and its surrounding
have not been subject to any detailed petrographical,
geochemical or petrological investigation. We
present here the first mineral chemistry and whole-
rock geochemistry of the Eocene monzonitic plutons
outcropping on two different areas (Eriko Tepe and
Gol Tepe) in the southeastern of Golkoy. From this we
are able to establish the petrochemical and magma-
tectonic characteristics and the genesis and evolution
of the magmas (differentiation + contamination).

2. Regional Geology

Turkey is a significant part of the Alpine-
Himalayan orogenic belt and consists of remnants of
the Paleotethys and Neotethys oceanic basins among

the tectonic units (Pontides, Anatolides, Taurides and
Margin folds) extending nearly in the E-W directions
(Figure la) (Sengor and Yilmaz, 1981). Geological
events related to the Paleotethys have prevailed
in the Sakarya Zone and the Central Pontides in
N-NW Turkey and completed its evolution by being
unconformably overlain by Liassic sediments (Sengor
and Yilmaz, 1981). In addition the geological events
related to the Neotethys have affected the whole of
Anatolia from Triassic to Miocene (Sengér and
Yilmaz, 1981). The Late Cretaceous and Tertiary
granitoid magmatism is one of the most significant
orogenic events that have occurred during the closure
of the Neotethys oceanic basins (Figure 1b).

The crustal basement of the Eastern Pontides
(Ketin, 1966) is formed by Late Carboniferous
granitoids, Late Carboniferous-Early = Permian
shallow marine-continental and the continental
metasedimentary rocks (Yilmaz, 1972; Cogulu, 1975;
Okay and Leven, 1996; Topuz et al., 2007, 2010,
2011; Dokuz, 2011; Kaygusuz et al., 2012, 2016). The
metamorphic rocks forming the basement have been
cut by the Paleozoic granitoid rocks in pre-Liassic
times (Cogulu, 1975). The granitoid rocks mega
plutonic masses and are observed in the Giimiishane
area and between the Kdse area (Cogulu, 1975; Topuz
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Figure 1- a) Tectonic map of Turkey (modified from Okay and Tiiysiiz, 1999), b) the distribution of plutonic rocks in the Eastern Pontides
(modified from Giiven, 1993; MTA, 2002; Arslan et al., 2013a; Temizel et al., 2016; Yiicel et al., 2017) and the radiometric ages

obtained from Eocene plutons.
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et al., 2010; Dokuz, 2011), in the south of Tonya and
Macka (Soguksu) area and the Ozdil area (Kaygusuz
et al.,, 2012, 2016). The Paleozoic rocks also form
small outcrops around Artvin. The Early-Middle
Jurassic pyroclastites, and clastic and sedimentary
rocks intercalated with carbonates unconformably
overlie the basement rocks in the Eastern Pontides and
are interpreted as the volcano-sedimentary deposit
related to the rift (Agar, 1977; Robinson et al., 1995;
Arslan et al.,, 1997; Kandemir, 2004; Dokuz and
Tanyolu, 2006; Sen, 2007; Kandemir and Yilmaz,
2009). This unit is mainly represented by volcanic
rocks in the northern part, and sedimentary deposits
intercalating with tuff and tuffites in the south. During
closure of the Paleotethys, and with the collision that
occurred by the addition of the Sakarya zone in the
north and Laurasia, the synchronous granitoids are
Late Jurassic (Yilmaz et al., 1997; Dokuz et al., 2010)
which through to the Early Cretaceous period was a
period of stability in the whole orogenic belt and the
carbonate deposition in the whole Eastern Pontides
are dominant in this period (Pelin, 1977).

The Eastern Pontide magmatic arc developed in
the Late Cretaceous along the southern boundary of
the Sakarya Zone due to the northern subduction of
the Neotethys (Okay and Sahintiirk, 1997; Yilmaz et
al., 1997; Topuz et al., 2007; Altherr et al., 2008; Dilek
and Sandvol, 2009; Dilek et al., 2010; Ustadmer and
Robertson, 2010; Rolland et al., 2012; Ustadmer et al.,
2013; Topuz et al., 2013; Okay et al., 2013). There are
different ideas about the direction and termination of
the subduction of the Eastern Pontide magmatic arc, and
the time of collision of the Tauride-Anatolide Platform
and the Eurasian plate. These are; (1) the development
of'the Pontide arc as a result of the northern subduction
from Paleozoic to Eocene (Ustadmer and Robertson,
1995; Okay and Sahintiirk, 1997; Yilmaz et al., 1997),
(2) the occurrence of the Paleotethys in the north of
Pontides, and the presence of the southern subduction
polarity starting from the end of the Paleozoic until
the end of the Eocene (Dewey et al., 1973; Bektas et
al., 1984, 1999; Chorowicz et al., 1998; Eyiiboglu et
al., 2011a), and 3) the presence of a two directional
subduction polarity as being towards the south until
Dogger and towards the north starting from the Late
Cretaceous until the end of the Eocene for the Pontide
arc (Sengoér and Yilmaz, 1981). The Eastern Pontide
magmatic arc system consists of a Late Cretaceous
volcano-sedimentary deposit thicker than 2 km and the
high-K, calc-alkaline, I-type granitoids (Y1ilmaz and
Boztug, 1996; Okay and Sahintiirk, 1997; Yilmaz et

al., 1997; Boztug et al., 2003, 2004, 2006; Boztug and
Harvalan, 2008; Ilbeyli, 2008; Kaygusuz et al., 2008,
2009, 2010, 2011, 2012; Kaygusuz and Aydingakir,
2011; Kaygusuz and Sen, 2011).

The collision of the Eastern Pontides magmatic
arc and the Anatolide-Tauride continental block
occurred in the Late Paleocene-Early Eocene (~55
Ma) and required a widespread shortening, crustal
uplift and thickening, and flysch deposition in NE
Turkey (Okay and Sahintiirk, 1997; Dilek, 2006). The
Eocene units in the Eastern Pontides generally overlie
the Upper Cretaceous and Paleocene units with the
basal conglomerate and are overlain by a series of
andesite-basalt, pyroclastites and flysch deposits
(Arslan and Aliyazicioglu, 2001; Arslan et al., 2013a).
The formation of the early Eocene adakitic rocks in
the Eastern Pontides (54-48 Ma) (Topuz et al., 2005;
Karsli et al., 20105, 2011; Eyiiboglu et al., 20114, b,
c¢; Topuz et al., 2011; Eyiiboglu et al., 2013, b; Karsh
et al., 2013), corresponds to the last stage of the arc
to continent collision, and they are associated with
syn- and post-collisional origins. As for the Middle
Eocene, the post collisional calc-alkaline volcanic
rocks and high-K, calc-alkaline, shoshonitic granitoid
plutons developed (Yilmaz and Boztug, 1996; Arslan
et al., 1997; Sen et al., 1998; Aliyazicioglu, 1999;
Arslan and Aliyazicioglu, 2001; Arslan et al., 2002;
Boztug et al., 2004; Topuz et al., 2005; Arslan and
Aslan, 2006; Karsli et al., 2007, Boztug and Harvalan,
2008; Temizel and Arslan, 2008, 2009; Aslan, 2010;
Eyiiboglu et al., 2012; Karsli et al., 20125; Temizel et
al., 2012a, b; Yicel et al., 2012; Arslan et al., 2013aq,
b; Temizel, 2014; Yicel, 2013; Aslan et al., 2014;
Temizel et al., 2014; Temizel et al., 2016; Yiicel et
al., 2017). The clastic rocks are widespread in the
region in the post-Eocene (Okay and Sahintiirk, 1997)
and are generally accompanied by Neogene alkaline
volcanic rocks (Aydin et al., 2008, 2009; Arslan et al.,
2013b; Yiicel, 2013, Yicel et al., 2012, 2014, 2017).
The Quaternary deposits are represented by travertine
and alluvial deposits.

3. Material and Methods

The field studies were carried out in two different
areas where the Eocene Eriko Tepe and Gd&l Tepe
plutonic bodies are located (Figures 2a, b).

Thin sections for the rocks of Eriko Tepe and

Gol Tepe plutons were prepared in the thin section
laboratory of the Geological Engineering Department
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at the Karadeniz Technical University and used to
determine mineralogical compositions and textural-
petrographical characteristics using a polarized
microscope. The Swift point counter was used for the
modal analyses and the counting was generally made
within a 0.4 mm interval, but sometimes a 0.2 mm
interval was also selected depending on the grain size.
Approximately 400-500 points were counted in each
thin section.

Mineral chemistry was determined using the
CAMECA-SX-100 WDS electron microprobe
in the Geoscience Marines (IFREMER) Electron
Microprobe Laboratory (Universite de Bretagne
Occidentale, Brest, France). The operating conditions
were 15 kV and 20 nA, and a 10 um beam diameter,
and the count timing was 10s for Si, Al, Ti, Fe, Mn, Mg,
Ca, Na and K. A 1 pm beam was used for pyroxene,
hornbende and Fe-Ti oxide analyses. For feldspar and
mica the very light defocused beam (10 pm) was used
to prevent alkali loss. The natural mineral standards
used were forsterite, diopside, orthoclase, albite,
anorthite, biotite, apatite, wollastonite and magnetite.
The analytical error is less than 1% for major elements
and less than 200 ppm for trace elements.

The petrography guided the selection of fresh
rock samples collected from the plutons and these
were crushed by the steel jaw crusher in the Sample
preparation and milling laboratory in the Geological
Engineering Department at the Karadeniz Technical
University. They were then pulverized in to an
approximately 200 mesh size in a steel ring mill.
Whole-rock analyses of rock powders from the plutons
were undertaken at ACME Analytical Laboratories
Ltd. (Vancouver, Canada). The major and trace
element analyses were carried out by the Inductively
Coupled Plasma Atomic Emission Spectrometer (ICP-
AES) after fusing 0.2 gr powdered rock sample in 1.5
gr LiBO, then dissolving in 100 ml 5% HNO,. The
Rare Earth Element (REE) contents were analyzed
by ICP-AES after dissolving 0.25 gr powdered rock
sample in four different acids. The Loss of Ignition
(LOI) was calculated from the weight difference after
samples were ignited under temperature of 1000°C.
The total iron content was expressed in terms of Fe,O,.
The major elements were estimated in weight %, and
the trace and REE were estimated in terms of ppm.
The deviation limits in the analyses are 0.001-0.04%
for major elements, 0.1-1 ppm for trace elements and
0.01-0.1 ppm for REE.

4. Geology and Petrography
4.1. Eriko Tepe Pluton

The Eriko Tepe Pluton covers nearly 7 km? in
area and outcrops in the Eriko Tepe, Aytas Tepe,
Kizilaga¢ Valley and its surrounds in the south of
Topcam town (Mesudiye, Ordu) (Figure 2a). The
pluton was emplaced into Late Cretaceous andesite,
basalt, pyroclastites, and syenites. Field observations
and stratigraphical relationships of units indicate
that the age of the pluton is Middle Eocene (Giiven,
1993; MTA, 2002, 2011). The longitudinal axis of the
Eriko Tepe Pluton extends in the northwest-southeast
direction (Figure 2a) and outcrops in the form of
heads on the field (Figure 3a, b). They are medium
to fine grained and generally grey to dark grey due
to high amounts of ferromagnesian minerals. Minor
silicification and epidotization were observed where
the pluton was in contact with the country rocks.

The plutonic rocks generally exhibit monzonitic,
poikilitic, perthitic and rarely antirapakivi textures
with plagioclase, orthoclase and quartz, with lesser
ferromagnesian minerals which are clinopyroxene,
biotite and hornblende (Figure 3c-f). However in some
samples the hornblende is abundant with lesser biotite
and pyroxene. Apatite, zircon and sphene are the
opaque and accessory minerals and are less frequent
than other minerals.

Plagioclases (25-30 modal %) are fine and coarse
euhedral-subhedral grains that generally show albite
polysynthetic twinning, but rarely Carlsbad twinning
(Figure 3c) or oscillatory zoning. They are andesine
(An,, ) in composition based on extinction angle
determinations on sections perpendicular to the (010)
plane of plagioclases that show twinning based on
the Albite law. The Carlsbad twinning was observed
in some of the anhedral orthoclases (30-35 modal
%) with variable sizes. The perthitic intergrowths,
characterized by albite exsolution lamellae, were
also detected in orthoclase. The coarse orthoclase
crystals have occasional plagioclase, clinopyroxene
and biotite inclusions in a poikilitic texture (Figure
3e-f) and surround plagioclase as monzonitic textures
in some sections. Quartz grains (5-11 modal %) are
anhedral and fine grained. They were emplaced
generally into the residual empty spaces as it is the
latest crystallized production of the magma (Figure
3c-f). Clinopyroxenes are subhedral and contain
abundant opaque mineral inclusions (Figure 3c-f);
their extinction angles are nearly 40° and so defined
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Figure 3- The field view (a and b) of the Eriko Tepe plutons and micro photos of the monzonite which exhibit the granular texture; (c and

d) the plagioclase with Carlsbad twinning, bending in biotites that consists of opaque mineral inclusions and corrosions at the
circumferences of clinopyroxenes; (e and f) the monzonitic texture formed by the enclosure of plagioclase by orthoclase, and the
enclosure of clinopyroxene and biotite by the orthoclase in poiklitic texture, the albite-carlsbad complex twinning in plagioclases
(Sample No: ER-2; C.N. and P.N.) (Explanations: C.N.: cross nicol; P.N., parallel nicol; cpx; clinopyroxene; bi: biotite; pl:

plagioclase; or: orthoclase; op: opaque).

as augite. In some of their crystals the h’ (100) twining
was detected (Figure 3c). Biotite (8-10 modal %) are
generally subhedral-euhedral and the parallel cleavage
to (001) plane is distinctive. The brown pleochroism
is distinctive and it is dark brown in z and y directions
and yellowish in the x direction. They generally
exhibit kink-banding due to deformation (Figure
3c-f). Hornblende (4-6 modal %) is few but where
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present is euhedral-subhedral and fine grained. and
with green to pale green pleochroism. The extinction
angle between ¢z was measured as 20°. The mafic
minerals in the rock are clustered: clinopyroxene and
hornblende is surrounded, respectively, by biotite
and opaque minerals and the formation of biotites
around the clinopyroxene identifies disequilibrium
crystallization. Opaque minerals (5-8 modal %) are
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subhedral-anhedral fine crystals and are as inclusions
in, and surrounding, the mafic minerals (Figure 3c-d).
The majority of samples collected from the Eriko Tepe
Pluton have not been affected from the alteration.
Sericitization of plagioclases is rare and chloritization
of ferromagnesian minerals is observed in some
samples.

Modal analysis of 12 plutonic samples (Table 1),
and the Quartz-Alkaline Feldspar-Plagioclase (QAP)
diagram (Streickeisen, 1976 ) identified that the pluton
is monzonite and quartz monzonite in composition
(Figure 4).

Table 1- The general petrographical characteristics and modal compositions of the rocks from the Eriko Tepe and the Gol Tepe Plutons.

Name of the Pluton ERIKO TEPE PLUTON (ER) (n=12) GOL TEPE PLUTON (GT) (n=13)
Rock Type Monzonite, Quartz monzonite Monzonite, Quartz monzonite

Texture Monzonitic, poikilitic, perthitic, antirapakivi Monzonitic, poikilitic, graphic, perthitic
Grain Size Medium-fine Medium-fine

Modal Min. (%) Mean Min. Max. Mean Min. Max.
Plagioclase 25.48 18.25 29.78 34.21 26.99 44.15
Quartz 5.19 1.25 10.36 3.87 0.58 9.44
Orthoclase 31.27 19.42 34.89 27.26 19.65 35.00
Hornblende 4.61 1.95 6.00 4.84 2.56 7.42
Biotite 8.04 7.06 9.99 6.76 1.12 9.36
Pyroxene 10.47 3.65 15.03 9.56 5.12 16.87
Access. Min. 2.23 1.83 2.63 1.39 0.56 2.25
Opaque Min. 5.44 2.85 8.46 6.22 4.11 8.92
Secondary Min. 3.07 221 4.68 2.66 0.20 6.10

n= the number of rocks on which the modal analysis were performed.

\
\ 10%

\
x
N\

A 90 65

35 10 P

Figure 4- The Q-A-P plot of the rock samples from the Eriko Tepe and Go6l Tepe Plutons. The curves show
the directions of plutonic type series, which are: 1) tholeiitic series, 2) calc-alkaline trondhjemite
series, 3-6) variable calc-alkaline granodioritic series, 7) monzonitic series, 8-9) variable alkaline
series (Lameyre and Bonin; 1991). The fields; (2) alkaline feldspar granite, (3a) syenogranite, (3b)
monzogranite, (4) granodiorite, (5) tonalite, (6*) quartz alkaline feldspar granite, (7*) quartz syenite,
(8*) quartz monzonite, (9*) quartz monzodiorite/quartz monzogabbro, (10¥) quartz diorite/quartz
gabbro/quartz anorthosite, (6) alkaline feldspar granite, (7) syenite, (8) monzonite, (9) monzodiorie/
monzogabbro, (10) diorite/gabbro/anorthosite (Streckeisen, 1976).
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4.2. G6l Tepe Pluton

The Gol Tepe Pluton outcrops in the Gol Tepe,
Sthdami, Désemeburnu Tepe, Kale Tepe, Cavdar Tepe,
Yokusgbast Valley and surrounding areas in the south
of the Golkoy (Ordu) town (Figure 2b). It is emplaced
into a sedimentary series formed by the intercalation
of Late Cretaceous andesite, basalt, pyroclastites

and syenites, with Early-Middle Eocene limestone,
sandstone, and mudstone (Figure 2b). The pluton is
Middle Miocene based on stratigraphic relationships
(Giiven, 1993; MTA, 2002, 2011) and extends in the
east-west direction (Figure 2b) and outcrops in the
form of heads on the field with very hard, jointed and
fractured structures (Figure 5a, b). Some outcrops are

Figure 5- Monzonites from the G6l Tepe Pluton exhibit much fragmented and fractured structure (a and b), and the micro photos of monzonites
that show granular textures; (c and d) the plagioclase minerals that show albite, albite-carlsbad complex twinning, clinopyroxene
and biotite that have opaque mineral inclusions (Sample No: GT-3; C.N. and P.N.), (e and f) the plagioclase with oscillatory zoning
in which the irregular growths are seen, the clinopyroxene mineral, which consists of much opaque minerals and plagioclase
inclusions, and the monzonitic texture formed by the inclusion of plagioclase by orthoclase (Sample No: GT-4; C.N. and P.N.) (cpx;
clinopyroxene; bi: biotite; plg: plagioclase; qu: quartz; or: orthoclase; op: opaque).
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dark grey, depending on mineral content, and fine to
medium grained. Contacts between the pluton and
the country rocks are restricted by the NW-SE, NE-
SW and N-S directional normal faults (Figure 2b) and
crushed zones are seen occasionally in areas where
the faults are observed. Rare examples of silicification
and epidotization are noted.

Monzonitic, poikilitic, graphic and occasionally
perthitic textures are observed and the felsic minerals
present are plagioclase and quartz, whereas the dark
colored minerals are clinopyroxene, hornblende and
biotite and accompanying opaque minerals (Figure 5
c-f). Pyroxene, hornblende and biotite minerals are
clustered and are accompanied by opaque minerals
(Figure 5c, d). Accessory minerals are zircon and
apatite.

Plagioclases (33-44 modal %) are ecuhedral-
subhedral, fragmented and broken with albite twinning
and oscillatory zoning, and both in some grains. Their
composition is andesine (An,,,) according to the
examination of the perpendicular sections of crystals
(010) with albite twinning. Only plagioclases with the
zoned structures have irregular growth (Figure 5Se, f).
In some samples, there are minor opaque and apatite
inclusions. Orthoclase (27-35 modal %) is anhedral and
common. Some exhibit Carlsbad twinning, the others
show perthitic texture (Figure Sc, f). Poikilitic grains
tend to contain plagioclase, pyroxene, hornblende
and opaque minerals, forming monzonitic textures
surrounding plagioclase in some samples. Quartz (4-9
modal %) is anhedral, fine grained and with undulose
extinction (Figure 5Se, f). Clinopyroxene is subhedral-
anhedral, fragmented and is coarse and fine grained.
The extinction angles between ¢’z are nearly 40°, and
so is augite, and with rare h’ (100) twinning but with
common plagioclase, biotite and opaque inclusions
(Figure 5c, f). Biotite (6-9 modal %) is subhedral-
anhedral (Figure 5c, f) and have a typical yellowish
brown to brown pleochroism, and with one directional
well defined cleavage. Hornblende (5-7 modal %) is
subhedral and fine grained, with green to pale green
pleochroism and two directional hornblende cleavages
(110) detected in some sections. Opaque minerals
have a irregular geometrical shape and are located
around ferromagnesian minerals, or, in the form of
inclusions. Alteration is in the form of kaolinization of
orthoclase, chloritization of ferromagnesian minerals
and sericitization of plagioclases.

Modal analysis of 13 plutonic samples (Table 1),
and the QAP diagram (Streickeisen, 1976) identified
that the pluton is monzonite and quartz monzonite in
composition (Figure 4).

5. Mineral Chemistry

Plagioclases in the Eriko Tepe Plutonic
rocks are andesine and labradorite and their
compositions vary between An, , Ab, Or . and
An,, Ab, Or, , respectively. K-feldspars in these
rocks are orthoclase and their compositions vary
between An Ab,, Or, . (Figure 6a, Supplementary
Table 1). Plagioclase in the rocks of the Gol
Tepe Pluton is andesine and labradorite and their
compositions vary between An, , Ab,_ Or 6 and
Ang, oAb, Or , respectively. The K-feldspars in
these rocks are orthoclase and their compositions vary
between An ,Ab,  Or, . (Figure 6a, Supplementary

Table 1).
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Hornblendes in the Eriko Tepe Plutonic rocks are
magnesiohornblende based on the classification of
Leake et al. (1997) and the Mg/(Mg+Fe*") ratios vary
between 0.65-0.82 (Figure 6b, Supplementary Table
2).

Clinopyroxenes in the Eriko Tepe Plutonic rocks
are diopside, diopsitic augite and augite based on
the classification of Morimoto et al. (1988) and their
compositions and Mg/(Mg+Fe?") ratio vary between
Wo,, En..  Fs . and0.70-0.76, respectively (Figure
6¢, Supplementary Table 3). Clinopyroxenes in the Gol
Tepe Plutonic rocks are also diopside, diopsitic augite
and augite (based on the classification of Morimoto et
al. 1988) and their compositions and Mg/(Mg+Fe?")
ratios vary between Wo,,  En.. Fs ~-and 0.58-0.81,

respectively (Figure 6¢, Supplementary Table 3).

Biotites in the Eriko Tepe Plutonic rocks plot
on the biotite area in the Fe/(Fe+tMg) vs Al (apfu)
diagram and their Mg/(Mg+Fe?") ratios vary between
0.53-0.60 (Figure 6d, Supplementary Table 4). In
the GOl Tepe Plutonic rocks, based on the same plot,
are classified as Mg enriched biotite and their Mg/
(Mg+Fe*) ratios vary between 0.66-0.73 (Figure 6d,
Supplementary Table 4).

Fe-Ti oxides in the Eriko Tepe Pluton are
magnetite and titano-magnetite, and occasionally
contain ilmenite lamellac (Supplementary Table 5)
and in the Gol Tepe Pluton are also magnetite and
titano-magnetite (Supplementary Table 5).
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(Tischendorf et al., 1997) plot of biotites for the Eriko Tepe and the Gol Tepe plutonic rocks.

6. Whole-Rock Geochemistry

The major, trace and REE analyses for the Eriko
Tepe and Go6l Tepe Plutonic rocks are presented in
Table 2. The geochemical characteristics of the major
oxide and trace elements were compared in order to
establish their magma-tectonic environments.

Plotting samples from both plutons on a TAS
plot (Total alkali-silica, Middlemost 1994), the Eriko
Tepe Pluton is in the monzonite field, and the Gol
Tepe Pluton is in the monzodiorite, monzonite and
quartz monzonite fields (Figure 7a). They are both
alkaline (Figure 7a) again on this diagram based on
the alkaline-subalkaline discrimination of Miyashiro
(1978). The Eriko Tepe and the Gol Tepe plutonic
rocks are shoshonitic on the SiO, (%) vs K,O (%)
diagram (Figure 7b) of Le Maitre et al. (2002), high-K
and shoshonitic (Figure 7c¢) in character on the Co
(ppm) vs Th (ppm) diagram of Hastie et al. (2007).
On the (AI=Na+K/Al) vs (A/CNK) diagram of Maniar
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and Piccoli (1989) (Figure 7d), all samples are in the
I-type field and metaluminous in character.

The rocks of the Eriko Tepe and the Gd&l Tepe
Plutons present similar trends in major and trace
element variation diagrams. With the increase in SiO,
content, the K O, Na,O, Rb, Zr, Nb, Ba, Hf, Th and
Ta contents also increase, but on the contrary; TiO,,
Fe,0,*, MgO, MnO, CaO, P,O,, Sr and Y contents
decrease (Figures 8 and 9). In addition; there is an
increase then a decrease in the content of Al,O, with
the increase in SiO, content. The primitive mantle
normalized trace element plots of the rocks from
the studied monzonitic plutons exhibite similar
distributions showing an enrichment in the large
ion lithophile elements (LILE; Sr, KO, Rb and Ba),
and in Th and Ce concentrations, but a depletion
in some high field strength elements (HFSE; Y and
TiO,), and in Nb and Ta contents (Figure 10a). The
chondrite normalized REE distributions for the
rocks of the plutons are defined by a concave shaped
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Table 2- The major (%), trace (ppm) and rare earth element (ppm) analyses for the rocks of the Eriko Tepe and the Gol Tepe Plutons.

Eriko Tepe Pluton . GolTepePluton .
Sample no: ER-1 ER-2 ER-3 ER-4 ER-5 ER-6 ER-7 ER-8 GT-1 GT-2 GT-3 GT-4 GT-6 GT-7 GT-8
SiO, 58.08 56.56 56.22 58.16 57.63 55.98 59.06 59.06 53.80 | 55.98 55.58 55.01 53.34 64.16 55.18
TiO, 0.77 0.83 0.82 0.69 0.78 0.79 0.63 0.68 0.80 0.68 0.67 0.72 0.72 0.40 0.71
AlLO, 16.44 16.28 16.92 17.12 16.59 16.40 15.79 16.98 17.09 17.40 17.74 17.18 16.83 16.14 17.02
Fe,0,(t) 7.21 8.06 7.81 6.27 7.33 7.70 6.33 6.21 8.68 7.20 7.29 7.71 8.27 4.26 7.80
MnO 0.13 0.15 0.14 0.20 0.13 0.14 0.10 0.14 0.16 0.14 0.14 0.14 0.16 0.10 0.13
MgO 3.11 3.59 3.47 2.58 3.17 3.49 3.11 2.52 3.38 3.07 3.01 3.22 3.62 1.51 3.44
CaO 5.56 6.20 6.25 4.69 5.61 6.37 543 4.43 6.53 6.18 6.38 6.78 6.75 3.57 6.18
Na,O 3.11 2.97 3.09 3.53 3.14 2.97 3.03 3.53 3.17 3.40 3.20 3.54 3.19 3.13 2.97
K,0 4.64 4.28 423 4.89 4.68 4.20 4.44 4.81 4.19 4.49 4.56 4.05 3.87 5.21 4.12
P,0; 0.34 0.35 0.35 0.32 0.32 0.35 0.26 0.29 0.35 0.34 0.34 0.35 0.35 0.17 0.34
LOI 0.3 0.4 0.4 1.2 0.3 1.3 1.5 1.1 1.5 0.8 0.8 1.0 2.5 1.1 1.8
Total 99.69 99.67 99.70 99.65 99.68 99.69 99.68 99.75 99.65 99.68 99.71 99.70 99.60 99.75 99.69
Zr 1759 152.4 146.6 187.1 212.0 | 201.6 151.7 183.9 173.0 1749 162.5 162.8 152.2 194.8 169.1
Y 20.8 22.7 20.1 23.8 20.8 20.4 19.0 229 21.6 20.9 20.9 19.9 21.1 16.6 20.8
Sr 704.1 784.3 765.3 668.3 706.0 752.7 635.5 651.8 896.0 | 787.9 775.9 756.8 | 1069.2 561.5 772.6
Rb 167.8 151.8 137.7 136.0 161.1 148.1 156.0 142.8 153.1 164.3 149.6 157.2 137.4 199.0 137.2
Th 18.8 12.4 12.0 11.5 15.3 13.3 15.7 13.9 10.5 13.3 10.8 12.5 11.3 18.6 12.0
Ta 0.8 0.7 0.7 0.7 0.7 0.7 0.7 0.8 0.4 0.6 0.7 0.7 0.7 1.0 0.5
Sc 16 18 17 14 16 18 16 14 17 15 15 16 18 7 17
A 193 232 212 166 198 228 174 157 223 180 176 201 222 90 203
Pb 4.2 2.0 1.5 11.9 3.9 1.7 5.8 4.5 53 59 12.4 9.9 9.7 10.0 32
Ni 10.7 13.5 13.4 7.2 11.7 12.9 12.1 7.6 10.7 10.0 9.7 11.8 14.4 5.6 15.0
Co 18.6 21.9 19.9 12.9 19.3 20.6 15.5 14.1 21.0 18.4 16.8 19.5 21.2 9.2 19.1
Cr 40 50 40 30 50 50 60 30 50 50 50 50 60 40 70
Cs 5.0 4.5 3.6 3.5 4.8 4.7 34 3.1 2.8 2.5 2.8 4.0 4.1 4.3 1.8
Ba 562 678 589 794 562 575 569 716 565 609 522 480 520 603 505
Nb 12.2 11.8 10.8 10.2 12.0 10.6 10.4 11.3 8.7 10.5 9.5 9.5 7.9 10.3 9.3
Hf 4.7 4.0 4.0 5.1 5.5 5.0 4.5 4.6 3.9 4.5 4.0 3.8 3.6 5.1 4.3
La 345 335 31.6 39.5 32.1 33.9 31.9 36.9 339 34.8 34.8 323 30.9 35.1 32.6
Ce 62.5 61.5 57.3 69.5 62.1 63.6 57.4 66.5 59.6 62.8 61.8 60.2 56.7 57.4 58.2
Pr 7.37 7.01 6.60 7.94 6.88 7.19 6.33 7.40 6.86 7.12 6.99 6.71 6.32 6.08 6.66
Nd 28.8 28.3 25.1 31.7 27.1 26.9 239 27.0 27.7 27.1 26.9 26.0 25.0 22.0 255
Sm 5.42 5.43 4.63 5.89 5.03 5.44 4.59 5.36 5.16 5.15 5.23 4.94 4.53 3.87 5.05
Eu 1.25 1.28 1.28 1.41 1.17 1.16 1.03 1.32 1.28 1.32 1.19 1.18 1.24 0.85 1.21
Gd 4.82 5.16 4.73 5.40 4.78 4.80 4.26 5.09 5.23 5.01 441 4.52 4.72 3.40 4.80
Tb 0.70 0.70 0.65 0.76 0.68 0.69 0.63 0.77 0.68 0.64 0.64 0.61 0.64 0.49 0.66
Dy 3.81 3.94 3.56 4.38 3.73 4.28 3.40 3.98 3.70 3.74 3.54 3.53 3.78 3.11 3.51
Ho 0.78 0.79 0.68 0.89 0.74 0.77 0.70 0.77 0.81 0.71 0.72 0.74 0.72 0.58 0.76
Er 2.14 2.29 2.15 241 2.19 2.05 1.91 2.28 2.07 2.16 2.07 2.13 1.91 1.72 2.08
Tm 0.36 0.35 0.30 0.36 0.30 0.32 0.30 0.37 0.31 0.34 0.32 0.32 0.29 0.27 0.32
Yb 2.25 2.29 2.11 2.44 2.20 2.14 2.00 2.42 2.25 2.10 2.00 2.07 2.17 1.97 2.17
Lu 0.35 0.35 0.33 0.40 0.36 0.33 0.31 0.39 0.35 0.36 0.35 0.30 0.33 0.29 0.34
Eu,/Eu* 0.75 0.74 0.84 0.76 0.73 0.69 0.71 0.77 0.75 0.79 0.76 0.76 0.82 0.72 0.75
La/Luy 10.23 9.94 9.94 10.25 9.26 10.66 10.68 9.82 10.06 10.04 10.32 11.18 9.72 12.57 9.95
La/Yb, 10.36 9.89 10.12 10.94 9.86 10.70 10.78 10.30 10.18 11.20 11.76 10.54 9.62 12.04 10.15
Mgt 30.14 30.82 30.76 | 29.15 30.19 | 31.19 3294 | 28.87 | 28.03 29.89 | 29.22 | 29.46 30.45 26.17 30.60

Fe,0,(1), total iron in terms of Fe,0,, LOI (Loss of Ignition): Total volatile content, Mg# =100 x MgO /[MgO + Fe,O,(t)].
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pattern characterized with the presence of Eu anomaly
(Figure 10b). The La/Lu, ratios of the Eriko Tepe
and Gol Tepe Plutons vary between 9.26-10.68 and
9.72-10.12.57, respectively and their La/Yb, ratios
vary between 9.86-10.94 and 9.62-12.04, respectively.

On the other hand, the Eu /Eu* ratios for the Eriko
Tepe and the Gol Tepe plutons are in between 0.69-
0.84 and 0.72-0.82, respectively (Figure 10b). The
weak negative Eu anomaly of the plutonic rocks in
the REE distributions indicates that the plagioclase
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Figure 7- a) The classification diagram of Na,O+K O (wt%) vs SiO, (wt%) (TAS) (Middlemost, 1994) (alkaline-sub alkaline line is based
on Miyashiro (1978)), b) SiO, (wt%) vs K,O (wt%) (Le Maitre et al., 2002), ¢) Th (ppm) vs Co (ppm) (Hastie et al., 2007),
d) agpaitic index (AI=Na+K/Al) vs molar Al,0,/(CaO+Na,0+K,0) (A/CNK) (Maniar and Piccoli, 1989) for the rocks of the

Eriko Tepe and the G6l Tepe Plutons.

differentiation was not very effective in the evolution
of these magmas (Figure 10b).

7. Discussion

The mineral chemistry and whole-rock analyses
were used for the thermobarometry to reveal the
P-T conditions. The data are also used to determine
the source regions of the parental magmas, the role
of magmatic processes in their evolution, and the
magma-tectonic environments.

7.1. Crystallization Conditions of the Plutons

Temperature estimates are based on the two feldspar
(plagioclase-alkaline ~ feldspar)  geothermometer
(Putirka, 2003, 2005 and 2008), and they vary between
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625-797 °C (mean= 726 £ 56°C) for the Eriko Tepe
Pluton and 623-770°C (mean= 684 + 47°C) for the G6l
Tepe Pluton (Table 3).

Temperatures based on the clinopyroxene
thermobarometer (Putirka et al., 1996, 2003; Putirka,
1999, 2005, 2008), vary between 1039-1197°C
(mean= 1158 + 49°C) for the Eriko Tepe Pluton and
1018-1194°C (mean= 1119 + 47°C) for the Gol Tepe
Pluton (Table 4). The pressure values, on the other
hand, vary between 5.3-8.4 kbar (mean= 7.5 £+ 1.1
kbar) and 5.6-7.2 kbar (mean= 6.6 + 0.6 kbar) for the
Eriko Tepe Pluton and 3.2-6.6 kbar (mean=4.8 + 1.4
kbar) and 3.8-6.7 kbar (mean= 4.8 £ 1.3 kbar) for the
Gol Tepe Pluton (Table 4).



Bull. Min. Res. Exp. (2018) 157: 121-152

0,9
4 5,2 v
084 W ' . 0.2 4 .
Sl v w s S 487 A4
e 4 0: oy W H % ‘0‘
S 0.6- o 'S o, 4,4
= S ool v > v "
0,5 ’ 4 ¢ ErikoTepe Pluton
v v V' Gél Tepe Pluton
0,4 T T T T T W 0,08 T T T T T T 3,6 T T T T T T
18 4 3,6 v oo
17,6 v |l Vv ’
a v Sl 4 Vv 34
SRS AR g . w %o S
Ewsl v @ ® & £ 32 v ¥
S R 2,5- L) < * LS v
= 164 o, ¢ = ]
¢ v 3 Voo ¢
16 24
L 2
15,6 T T T T T T 1,5 T T T T T - 2,8 T T T T T T
9 v 7 v
0351 VW G o ol ¥ Y 651 W 2
T 03 had g Vw » 2 4
E , ¢ £ E 5,51 “0
- 0254 2 e = 5
g, 0% g 6 Md 2. ° .
P S O 4,54 *
0,2 5 4
v v 3,5 v
0,15 T T T T T T 4 T T T T T T T T T T T T
52 54 56 58 60 62 64 66 52 54 56 58 60 62 64 66 52 54 56 58 60 62 64 66
Si0, (Wt%) Si0, (Wt%) Si0, (Wt%)
Figure 8- SiO, (wt%) vs major oxides (wt%) for the rocks of the Eriko Tepe and the Gol Tepe Plutons.
200 | © ErikoTepe Pluton v 5,5 * 24 *
V' Gél Tepe Pluton V'S v L 2 &
T 180 2 7 < 27 v
£ ) * ) w‘ *»
< v ¢ & 45 v ¢ £ 2] -
2 160 * = >~
& v TS = L 4
V we 4 Ve
% . v 18+
140
vV Ve o sl ¥ . v
T T T T T T T T T T T T 16 T T T T T T
1100 13 20
v
1000 12 * v 4 184 4 v
2
-~ 9004 V¥ = 111 =
E. E. ' ’0 v E. 167 * L 2
2 800 W £ 10 &
P = = 144
@ 7004 %‘ Z 9 v v = v 2
600 8- 124 '
v v vV ¢
500 T T T T T T 7 T T T T T T 10 T T T T T T
800 V'S * . v
- 2
~ 700 ¢ " v 0
g_ 2 g * g 0,8+ L X 2
g £ 150-] * B v Ve e
5 600- )3 = v, ¢ = 0.6 v
A v 0o N v £ 0,
00 v ! 160 w v
- v ’ -
P\ 2 04V
T T T T T T 140 T T T T T T T T T T T T
52 54 56 58 60 62 64 66 52 54 56 58 60 62 64 66 52 54 56 58 60 62 64 66
SiO, (wt%) Si0, (Wt%) Si0, (Wt%)

Figure 9- SiO, (Wt%) vs trace elements (ppm) for the rocks of the Eriko Tepe and the Gol Tepe Plutons.

133




Bull. Min. Res. Exp. (2018) 157: 121-152

@ 1000 E Eriko Tepe Pluton @ Eriko Tepe Pluton
o F 100 Euy/Eu* = 0.69-0.84
s [ F Lay/Luy =9.26-10.68
S 100 g [ Lay/Yby =9.86-10.94
® E = -
> C =
= . =] L
o= L =
£ kb 2
& F S 10|
~ F = C
2 r E r
= s
R | 20
w F
0,1 ] ) el ] oo ) o) Bt oo o) )t |l RS it | SR i) 1 L | | [l | | 1 1 | I 1 | | |
1000 3 Gol Tepe Pluton 100 Gol Tepe Pluton
e F 00 Euy/Eu* = 0.72-0.82
- 3 E Lay/Luy =9.72-12.57
< o
S 100 £ [ Lay/Yby =9.62-12.04
s 3 |
g0 2T
£ oL <
& E E 10
~ F = C
] C E r
= (2 r
R i
@ F
0,1 | e e P s | e o | ot i ) i S | o el ol | KGso 1 | L 1 | 1 1 1 | ] | | ] 1 |
Rb Th Nb La Pb Nd Sm Hf Tb Tm Lu La Pr Sm Gd Dy Er Yb
Ba K,O0 Ta Ce Sr P,O, Zr TiO, Y Yb Ce Nd Eu Tb Ho Tm Lu

Figure 10- a) The primitive mantle normalized trace element distributions (Sun and McDonough, 1989) and b) the chondrite normalized
rare earth element distributions (Taylor and McLennan, 1985) for the rocks of the Eriko Tepe and the G6l Tepe Plutons.

Table 3- The temperatures (T,°C) estimated based on Putirka (2008) by using two feldspar compositions (plagioclase and alkaline feldspar) for
the Eriko Tepe and the Gol Tepe Plutons.

Two feldspar (Plagioclase- alkaline feldspar) thermometer

Equation 27b (thermometer) Mean T (°C) Max. T (°C) Min. T (°C)
Eriko Tepe Pluton (n=43) 726 + 56 797 625
Gol Tepe Pluton (n=24) 684 + 47 770 623

Table 4- The temperatures (T,°C) and pressures (P, kbar) estimated based on Putirka (2008) by using clinopyroxene and clinopyroxene-liquid
compositions (plagioclase and alkaline feldspar) for the Eriko Tepe and the Gol Tepe Plutons.

Clinopyroxene Thermobarometer

Equation 32a (barometer, non-aqueous) Max. P (kbar) Min. P (kbar) Mean P (kbar) Mean Depth* (km)
Eriko Tepe Pluton (n=6) 8.4 53 7.5+1.1 27.8

Gol Tepe Pluton (n=4) 6.6 32 48+1.4 17.8
Equation 32b (barometer, aqueous)

Eriko Tepe Pluton (n=6) 72 5.6 6.6+0.6 24.4

Gol Tepe Pluton (n=4) 6.7 3.8 48+13 17.8
Equation 32d (ther ter, q ) Max. T (°C) Min. T (°C) Mean T (°C)

Eriko Tepe Pluton (n=11) 1197 1039 1158 £49

Gol Tepe Pluton (n=13) 1194 1018 1119 +47

* Depth was taken as 3.7 km for 1 kbar for the continental crust (Tulloch and Callis, 2000).
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The pressure estimates based on the AI" content
of hornblende vary between 1.2-1.9 kbar (mean=
1.5 kbar £+ 0.3 kbar) according to Hammarstrom and
Zen (1986); 0.9-1.4 kbar (mean= 1.1 kbar = 0.3 kbar)
according to Hollister et al. (1987); 1.0-1.7 kbar
(mean= 1.3 kbar + 0.4 kbar) according to Johnson
and Rutherford (1989) and 1.8-2.5 kbar (mean= 2.1
kbar &+ 0.3 kbar) according to Schmidt (1992) (Table
5). Temperatures calculated using the hornblende-
plagioclase thermometer of Blundy and Holland

(1990) using P1-P4 values are: 776-824°C (mean=
809 + 17°C) for P1, 770-826°C (mean= 811 + 17°C)
for P2, 782-830°C (mean= 815 + 17°C) for P3 and
767-815°C (mean=800 + 17°C) for P4 for the Eriko
Tepe Pluton (Table 5).

Temperature estimates calculated for the Eriko
Tepe Pluton for under <5 kbar pressure are based on
the hornblende-plagioclase thermometer of Holland
and Blundy (1994) vary between 735-790°C (mean=
761 £16°C) (Table 6a). The pressure and temperature

Table 5- Pressures (P, kbar) calculated according to Hammarstrom and Zen (1986), Hollister et al. (1987), Johnson and Rutherford (1989) and
Schmidt (1992) by using hornblendes for the Eriko Tepe and the G6l Tepe Plutons, and the temperatures (T, °C) estimated based on
Blundy and Holland (1990) by using these mean pressure values.

Hammarstrom and Zen Hollister et al. Johnson and Rutherford Schmidt
(1986) (1987) (1989) (1992)
(P1) P2) (P3) (P4)
Eriko Tepe Pluton (n=6)
Max. P (kbar) 1.9 1.4 1.7 2.5
Min. P (kbar) 1.2 0.9 1.0 1.8
Mean P (kbar) 1.5+03 1.1+03 1.3£0.4 2.1+0.3
Mean depth (km) 5.6 4.1 4.8 7.8
Blundy and Holland (1990), Hornblende-plagioclase thermometer
Hammarstrom and Hollister et al. Johnson and Rutherford Schmidt
Zen (1986) (1987) (1989) (1992)
Eriko Tepe Pluton (n=6) (P1=1.5 kbar) (P2 =1.1 kbar) (P2 =1.3 kbar) (P2 =2.1 kbar)
Max. T (°C) 824 826 830 815
Min. T (°C) 776 778 782 767
Mean T (°C) 809+ 17 811£17 815+ 17 800+ 17

* Depth was taken as 3.7 km for 1 kbar for the continental crust (Tulloch and Callis, 2000).

Table 6- Using the hornblendes for the Eriko Tepe Pluton; a) the temperatures (T, °C) estimated under 5 kbar pressure according to hornblende-
plagioclase thermometer of Holland and Blundy (1994), and the temperature (T, °C) and pressure (P, kbar) values estimated based on
the hornblende thermobarometer of Ridolfi et al (2010) and Ridolfi and Renzulli (2012); b) the oxygene fugacity [logf{O,)], ANNO
and HO_ (w.%) values calculated based on Wones (1989), Ridolfi et al. (2008 and 2010) and Riddolfi and Renzulli (2012).

Holland and Blundy (1994), . .
Hornblende-plagioclase thermometer Ridolfi et al. (2010), Hornblende Ridolfi and Renzulli (2012),
a . . Hornblende thermobarometer
(Pressure (P) was taken as 5 kbar in thermobarometer (calc-alkaline magmas) .
Lo (calc-alkaline magmas )
estimations)
o Pressure (P, o
Pressure (P, kbar) Temperature (T, °C) kbar) Temperature (T, °C)
Eriko Tepe Pluton (n=13) (n=14) (n=14) (n=14) (n=14)
Mean T (°C) 761 + 16 0.8+0.1 781 +11 09+0.1 746+ 19
Max. T (°C) 790 1.0 796 1.1 767
Min. T (°C) 735 0.7 763 0.6 708
b Wones (1989) Ridolfi et al. (2008, 2010) Ridolfi and Renzulli
(2012)
Oxygen fugacity logf{lO,) ANNO Oxygen fugacity logf{lO,) sz(z ‘:/n ;lt ANNO
/0

Eriko Tepe Pluton (n=6) (n=14) (n=14) (n=14) (n=14)
Mean -13.6+0.4 1.65+0.36 -12.7+0.4 4.16+0.23 0.90 +0.52
Max. -13.1 2.13 -11.9 4.60 2.14
Min. -14.4 1.03 -13.4 3.77 0.00

*** Pressure (P, kbar) values used in the oxygen fugacity estimations of Wones (1989) and the temperature (T, °C) values are the calculated values according to
Schmidt (1992) and Blundy and Holland (1990), respectively.
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estimates based on hornblende, following Ridolfi
et al. (2010), vary between 0.7-1.0 kbar (mean= 0.8
+ 0.1 kbar) and 763-796°C (mean= 781 + 11°C),
respectively. However, the pressure and temperature
values calculated according to Ridolfi and Renzulli
(2012) are in between 0.6-1.1 kbar (mean= 0.9 £+ 0.1
kbar) and 708-767°C (mean= 746 + 19°C), respectively
(Table 6a). The oxygen fugacity values calculated
according to Ridolfi et al. (2010) and Wones (1989)
using the Mg content of hornblendes in the Eriko Tepe
Pluton are, respectively, between (-13.4) - (-11.9)
(mean= -12.7 £ 0.4) and (-14.4) - (-13.1) (mean=
-13.6 £ 0.4) (Table 6b). However, the ANNO values
calculated according to Ridolfi et al. (2008, 2010) and
Ridolfi and Renzulli (2012) vary between the values of
1.03-2.13 (mean= 1.65 £ 0.36) and 0.00-2.14 (mean=
0.9 £ 0.52), respectively. The H,O content calculated
according to Ridolfi et al. (2008, 2010) varies between
the values of 3.77-4.60 (mean= 4.16 + 0.23) (Table
6b).

The temperature values estimated based on Luhr
et al. (1984) and the pressure values calculated

according to Uchida et al. (2007) from biotite minerals
vary between 730-824°C (mean= 765 + 28°C) and
0.5-1.11 kbar (mean= 0.8 + 0.15 kbar) for the Eriko
Tepe Pluton and 856-1049°C (mean= 948 + 52°C) and
0.54-1.18 kbar (mean= 0.84 + 0.25 kbar) for the Gol
Tepe Pluton (Table 7). The values that are based on
the oxygen fugacity model of Wones (1989), using
these pressure and temperature values, are between
(-15.7) - (-13.1) (mean= -14.7 £+ 0.0.8) for the Eriko
Tepe Pluton and (-12.3) - (-8.3) (mean= -10.4 + 1.1)
for the Gol Tepe Pluton (Table 7).

Zircon (Miller et al., 2003) and apatite (Harrison
and Watson, 1984) saturation temperatures were also
calculated using the whole-rock analyses of the Eriko
Tepe and the GOl Tepe Plutons. Zircon saturation
temperatures (T1 and T2), based on the M and FM
parameters of Miller et al. (2003), are between 717-
757°C (mean= 737 + 16°C) and 684-734°C (mean=
708 + 19°C) for the Eriko Tepe Pluton and 709-780°C
(mean= 730 + 24°C) and 676-766°C (mean= 703 +
29°C) for the Gol Tepe Pluton (Table 8). However, the
apatite saturation temperatures, which were calculated

Table 7- The pressure (P, kbar), temperature (T, °C) and oxygene fugacity values calculated according to Luhr et al. (1984), Uchida et al.
(2007) and Wones (1989) by using the biotites for the Eriko Tepe and the G6l Tepe Plutons.

. Wones (1989)
TiJmUh::;t?lll:e(g‘sg)C) I{;‘;::zgal' l((zhoé?r? T and P in (fO2) estimations are according to (Luhr
P ’ ’ et al., 1984) (Uchida et al., 2007), respectively.
Eriko Tepe Pluton (n=18)
Mean 765 +28 0.80+0.15 -14.7+0.8
Max. 824 1.11 -13.1
Min. 730 0.50 -15.7
Gol Tepe Pluton (n=24)
Mean 948 + 52 0.84 +0.25 -10.4 £ 1.1
Max. 1049 1.18 -8.3
Min. 856 0.54 -12.3

Table 8- The temperature (T, °C) values estimated for the saturation of zircon (Miller et al., 2003) and apatite (Harrison and Watson, 1984) by

using the whole-rock geochemical analyses of the Eriko Tepe and the G6l Tepe Plutons.

Saturation temperature for Zircon * Saturation temperature for Apatite
(Miller et al., 2003) (Harrison and Watson, 1984)
T1 (M was used) T2 (FM was used)

Eriko Tepe Pluton (n=18) (n=18) (n=8)

Mean T (°C) 737+ 16 708 + 19 894+9

Max. T (°C) 757 734 908

Min. T (°C) 717 684 883

Gol Tepe Pluton (n=7) (n=7) (n=7)

Mean T (°C) 730 £24 703 £29 869 £ 18

Max. T (°C) 780 766 898

Min. T (°C) 709 676 845

*Saturation temperatures for zircon (T, and T,) were estimated, by means of the whole-rock geochemical analyses, using the parameters M [=(Na + K + 2Ca)/

(Al x Si)] of Watson and Harrison (1983) and FM [=(Na + K + (2Ca + Fe + Mg))/(Al x Si)] of Ryerson and Watson (1987), which are given in Hanchar and Watson

(2003), and the experimental models suggested by Miller et al (2003).
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based on the formula of Harrison and Watson (1984),
are 883-908°C (mean= 894 + 9°C) for the Eriko Tepe
Pluton and 845-898°C (mean= 869 =+ 18°C) for the Gol
Tepe Pluton (Table 8).

The crystallization depth corresponding to
the mean pressure values (4.8-7.5 kbar) from
the clinopyroxene barometry are 17.8-27.8 km.
However, the crystallization depth corresponding
to the mean pressure values (1.1-2.1 kbar), which
had been obtained from the hornblende barometry,
were detected as 4.1-7.8 km (1 kbar= 3.7 km for the
continental crust; Tulloch and Challis, 2000). So, this
indicates that these plutonic rocks were subjected to
early stage high pressure and late stage low pressure
polybaric crystallization at mid to shallow crustal
depths. The oxygen fugacity values calculated from
the hornblendes and biotites are close to, or just in, the
upper part of the NiNiO buffer zone and the plutons
are the products of the similar magmas.

7.2. Origin of the Parental Magmas

There are many petrogenetical models related to the
origins of granitic-monzonitic magmas: (1) fractional
crystallization (FC) and/or assimilation+fractional
crystallization (AFC) from mantle derived basaltic
parental magmas (Grove and Donnelly-Nolan, 1986;
Bacon and Druitt, 1988; Rapela and Pankhurst, 1996;
Soesoo, 2000; Jiang et al., 2002; Liu et al., 2008;
Li et al., 2009; Aghazadeh et al., 2010, 2011); (2)
the partial melting of mafic to intermediate meta-
magmatic crustal rocks (Roberts and Clemens, 1993;
Xu et al., 2004; Kdoksal et al., 2013); (3) the mixing
of mantle derived mafic magma and crustal origin
felsic magmas (Neves and Mariano, 1997; Ferré et
al., 1998; Barbarin, 1999; Gagnevin et al., 2004; Yang
et al., 2007, 2011; Ackerman et al., 2010; Lan et al.,
2011, 2012, 2013; Cheng et al., 2012; Donskaya et
al., 2013; Mao et al., 2013; Wang et al., 2013; Liu et
al., 2013, 2014), and, (4) the partial melting of felsic
magmas, mafic to intermediate meta magmatic (Rapp
and Watson, 1995; Singh and Johannes, 1996) or
meta-sedimentary (Patifio Douce and Beard, 1996;
Stevens et al., 1997) rocks based on the principle that
mantle derived basaltic magmas provide heat to melt
crustal rocks (Bullen and Clynne, 1990; Roberts and
Clemens, 1993; Guffanti et al., 1996). It is also known
that the shoshonitic magmas generally form in the
arc and post-collisional environments (eg, Foley and
Peccerillo, 1992; Turner et al., 1996). It is also asserted
that the shoshonitic magmas, which were formed in the

post-collisional environments, had been derived from:
(1) the peridotite-amphibolite-metapelite mixture on
the crust-mantle boundary (Lopez-Moro and Lopez-
Plaza, 2004); (ii) the mixture of asthenospheric and
enriched lithospheric mantle (Li et al. 2000), and,
(ii1) the mantle metasomatism of which the subducted
sediments had caused or the enriched lithospheric
mantle (Turner et al., 1996; Wang et al., 1996; Eklund
etal., 1998; Liu et al., 2002).

The monzonitic rocks, which form the Eriko Tepe
Pluton (SiO,: 56-59 % and Mg#: 29-33) and the Gdl
Tepe Pluton (SiO,: 53-64 %, Mg#: 26-31), are I-type,
metaluminous (Eriko Tepe Pluton; A/CNK=0.78-
0.89 and Gol Tepe Pluton; A/CNK=0.76-0.93) and
shoshonitic and possess molar K, O/Na,O, molar CaO/
(MgO+Fe,0,*) and A/CNK ratios varying mainly in
a narrow interval (Figure 11a, b). In terms of Th/U
vs U (ppm) they plot in the areas which show that the
melts are derived from the middle-lower continental
crust (Figure 11c). In terms of La/Yb vs Nb/La they
plot on the lithospheric mantle and in the area close
to the intermediate continental crust composite in
the diagram (Figure 11d). However, in terms of La/
Nb vs Ba/Nb (Figure 1le) and Nb (ppm) vs Nb/Th
(Figure 11f), the monzonitic rocks plot on the area of
arc volcanics they show a tendency for subduction
enrichment. When the major molar and trace element
ratio diagrams are assessed together, it is apparent
that the parental magmas of the monzonitic plutons
may be derived from the decompressional melting
of lithospheric mantle that is enriched by different
ratios of amphibole and plagioclase in different H,O
contents.

These monzonitic rocks have negative Nb and TiO,
anomalies and Sr, Rb, K O, Th, Ce and La enrichments
in the primitive mantle-normalized diagrams. They
also indicate that parental magmas of these plutons
might have been derived from the mixtures of
lithospheric mantle enriched by previous subduction
events and that the continental crust melts in fewer
ratios. However, low-intermediate Rb/Sr ratios (0.13-
0.35), intermediate-high K O (3.9-5.2%) and SiO, (53-
64%) contents show that the parental magmas of these
rocks may have been derived from the much enriched
lithospheric mantle source (Jung et al., 2009). The
trace element variations of monzonitic plutons with
high LILE/HFSE ratios and their REE distributions
with slightly moderate degree enrichments (Eriko
Tepe Pluton: La /Lu,=9.26-10.68; Gol Tepe Pluton:
La/Lu= 9.72-12.57) show similarity to each other.
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Figure 11- (a) The molar K,0/Na,O vs molar CaO/(MgO+Fe,0,*), (b) molar K,0/Na,O vs ASI (A/CNK), (c) U (ppm) vs Th/U, (d) La/
Yb vs Nb/La, (e) La/Nb vs Ba/Nb and (f) Nb (ppm) vs Nb/Th plots for the rocks of the Eriko Tepe and the G6l Tepe Plutons.
The data for (a) and (b); MB: metabasalt, MA: metaandesite; MGW: metagreywacke, MP: metapelite. The fields are based on
Vielzeuf and Holloway (1988), Patifio Douce and Johnston (1991), Rapp et al. (1991), Gardien et al. (1995), Rapp (1995), Rapp
and Watson (1995), Patiio Douce and Beard (1996), Stevens et al. (1997), Skjerlie and Johnston (1996), Patifio Douce (1997),
Patifio Douce and McCarthy (1998), Patifio Douce (1999). (c); the field belonging to the lower and intermediate continental crust
and the depleted Mid Oceanic Ridge Basalt (MORB) area from Rudnick and Gao (2003) and Sun et al. (2008), respectively. (d);
the boundaries among the atmospheric mantle, lithospheric mantle and the mixture of lithospheric—atmospheric mantles from
Smith et al. (1999), the HIMU-OIB (Oceanic Island Basalt) area from Weaver et al. (1987), the mean OIB value from Fitton et al.
(1991) and the mean lower crust value from Chen and Arculus (1995). (e); the arc volcanic field from Jahn and Zhang (1984), the
primitive mantle value from Sun and McDonough (1989), the mean continental crust value from Taylor and McLennan (1985)
and Condie (1993), and fields of MORB and OIB from Le Roex (1987). (f); the primitive mantle value from Hofmann (1988),
continental crust value and fields of MORB, OIB and arc volcanics from Schmidberger and Hegner (1999).
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It emphasizes that parental magmas of these plutons
have been derived from the similar sources and
through similar magmatic processes (differentiation
and crust assimilation).

7.3. Fractional Crystallization (FC) and Assimilation-
Fractional Crystallization (AFC)

The correlations (see Figures 8 and 9), which
are observed in some major oxide and trace element
variations in the Harker diagrams for monzonitic rocks
of the Eriko Tepe and G&l Tepe Plutons, show that the
FC is significant in the evolution of these plutons.
There is a positive correlation between the SiO, and the
K,O, Nb, Ba, Hf, Th and Ta contents, however, there
is a negative correlation between the SiO, content and
TiO,, Fe,0,*, MgO, MnO, CaO, P,O, and Sr contents
in monzonitic rocks of the Eriko Tepe and the G61 Tepe
Plutons (see Figures 8 and 9). Generally the decrease
of Fe,O,* indicates clinopyroxene fractionation.
Nevertheless, the decrease of CaO with increasing SiO,
indicates clinopyroxene and plagioclase fractionation.
The decrease in Sr, but increase in KO, with
respect to the increase in SiO, indicates K-feldspar
fractionation. The decrease in P;OS, TiO, and Sr with
the increase in SiO, indicates that apatite, magnetite
and plagioclase fractionated, however, the decrease
in Fe,0,*, MgO and MnO indicate that hornblende
and biotite fractionated. In general, K O, showing a

positive correlation with SiO,, emphasizes biotite
and K-feldspar fractionations. The studied plutons
exhibit a concave shaped pattern in REE distributions,
verifying the effectiveness of clinopyroxene and/or
hornblende fractionations in their evolution (Thrilwall
et al., 1994). Besides; the weak negative Eu anomaly
observed in monzonitic rocks of the Eriko Tepe Pluton
(Bu/Eu*: 0.69-0.84) and the Gol Tepe Pluton (Eu,/
Eu*: 0.72-0.82) indicates that K-feldspartplagioclase
fractionation is effective in the evolution of these
rocks (see Figure 10 b).

The irregular correlations observed in some major
oxide and trace element variations (see Figures 8 and
9) could also indicate crustal assimilation = magma
mixing in addition to the fractional crystallization.
The correlations observed in MgO (%)-Sr (ppm)
and Rb (ppm)-K,O/Rb diagrams (Figure 12a, b) that
plagioclase, K-feldspar, clinopyroxene, hornblende,
biotite and Fe-Ti oxide all fractionated in the evolution
of'the plutons. However, the contribution of continental
crust in the evolution of the plutons can be clarified by
Ta/Yb vs Th/Yb diagrams (Figure 12¢) (Pearce, 1983).
In this diagram, the plutonic rock samples examined
show a tendency towards the average continental crust
value with high Th/Yb and Ta/Yb ratios (Figure 12c¢).
Accordingly it is possible to say that the AFC has also
played a lesser role compared to FC in the evolution
of these plutons (Figure 12¢). The AFC modelling was
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Figure 12- The plots of; a) MgO (wt%) vs St (ppm), b) Rb (ppm) vs K,O/Rb and c) Ta/Yb vs Th/Yb (Pearce, 1983) (pl: plagioclase, cpx:
clinopyroxene, hb: hornblende, bi: biotite, K-feld: K-feldspar) show directions of FC (fractional crystallization) and/or AFC
(assimilationtfractional crystallization) and the mineral fractionation for the rocks of the Eriko Tepe and the Gol Tepe Plutons. The
vectors showing FC, AFC, subduction enrichment and the mantle metasomatism were taken from Pearce et al. (1990).
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based on trace element contents and/or ratios (Figures
13a, b and c) (DePaolo, 1981; Powell, 1984). All
samples in diagrams of La-Nb and La-La/Nb (Figures
13a, b), which show the AFC of monzonitic rocks,
plot on or near the r=0.2 curve. However, they plot
on or near the r=0.05 curve in the Zr-Zr/Nb diagram
(Figure 13c). Generally the r value is less than or equal
to 0.2, less than the critical value of r=0.25 (Albaréde,
1996) shows that FC is more effective than AFC in the
evolution of these monzonitic rocks.

7.4. Magma-Tectonic Environment of Plutons

The different magma-tectonic evolution models
for the Tertiary magmatism in the Eastern Pontides are
suggested to be: (1) the slab-break off of the subduction
plate (Boztug et al., 2004, 2006); (2) the southward
roll-back and synchronous slab-window (Eyiiboglu et
al., 2011a, b, c¢), and, (3) the lithospheric delamination
(Karslt et al., 2007, 20105, 2012b; Temizel et al.,

2012a; Arslan et al., 2013a). When the geochemical
and petrological characteristics of Eocene (~ 45-40
Ma) intermediate-high K and shoshonitic volcanic
rocks (eg. Arslan and Aliyazicioglu, 2001; Temizel et
al., 2012a; Arslan et al., 2013a; Temizel et al., 2016;
Yiicel et al,, 2017) and I-type, metaluminous and
shoshonitic plutonic rocks (eg. Boztug et al., 2004;
Boztug and Harlavan, 2008; Topuz et al., 2005; 2011;
Arslan and Aslan, 2006; Karsh et al., 2007, 2010a,
2011, 2012bh) were considered, it was asserted that
the magmatism is characterized by the extensional
tectonic setting related with the crustal thickening
and lithospheric detachment, and has derived mainly
from enriched sub-continental lithospheric mantle and
lower continental crust melts and/or mixtures (Temizel
et al., 2012a; Arslan et al. 2013a; Aslan et al., 2014,
Yiicel et al., 2017).

In order to determine the magma-tectonic
environments of the monzonitic plutons, the
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Figure 13- The plots of; a) Nb (ppm) vs La (ppm), b) La/Nb vs La (ppm) and c) Zt/Nb vs Zr (ppm), which show the trace element AFC
modelling in the rocks of the Eriko Tepe and the Gol Tepe Plutons. Parental magma composition (IC; La = 15.1 ppm, Zr = 37.1
ppm and Nb = 1.5 ppm; CIPW mineralogy = olivine: 17.38, clinopyroxene: 17.83, plagioclase: 45.85, magnetite: 3.52) is the basalt
sample SIR-108 from Arslan et al. (2013a). The Upper Continental Crust composition as the assimilant (La =30 ppm, Zr = 190 ppm
and Nb = 25 ppm) from Taylor and McLennan (1985) and the portition coefficients from McKenzie and O’Nions (1991). The AFC
curves were drawn based on different r values (ratio of the fractional crystallization with respect to assimilation; 0.05, 0.1, 0.2 and
0.4) and the values of different F (fractionation degrees (%); 5, 10, 30, 50, 70, 90).
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discrimination diagrams for the plutonic rocks were
used. According to Rb-(Y+Nb) and Ta-Yb diagrams
of Pearce et al. (1984) (Figure 14a, b) the samples
belonging to the studied plutons plot on areas of
volcanic arc and post-collisional granites. Further,
they plot on fields of arc granites and granites formed
by the collisional tectonics according to the Rb/10-
Hf-Ta*3 ternary diagram of Harris et al. (1986)
(Figure 14c), and magmatic or crust origin due to
the interaction of mantle-crust (Figure 14d). Thus,
considering other geological and geochemical data,
it can be asserted that the studied plutons has formed
from the lithospheric mantle derived magmas (with
less amount of continental crust assimilation) in the
Eocene post collisional environment in the Eastern
Pontides.

8. Conclusions

The Eriko Tepe and Gol Tepe plutons outcropping
in the southeastern part of the G6lkdy (Ordu) area in
the Eastern Pontides Orogenic Belt were formed from
mainly monzonitic and rarely quartz-monzonitic and
monzodioritic rocks in composition.

The plutons both have similar mineralogical and
textural characteristics, only the Eriko Tepe pluton
consists of magnesio-hornblende different than the
Gol Tepe pluton. There were also observed some
textural features in these studied plutons indicating
disequilibrium crystallization, such as: the corrosion
of clinopyroxene, the poikilitic textures observed in
K-feldspars minerals and clinopyroxene minerals
surrounded by the biotite minerals.
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The P-T conditions were detected by means of the
chemistry of feldspar, clinopyroxene, hornblende and
biotite minerals in the studied plutons. The calculated
temperature and pressure values vary between 684-
726°C for feldspars, 1119-1158°C and 4.8-7.5 kbar
for clinopyroxenes, 1.1-2.1 kbar and 761-815°C for
hornblendes and 765-948°C and 0.80-0.84 kbar for
biotites. This indicates that the plutons were generally
crystallized at mid to shallow crustal depths.

The whole-rock geochemical data show that
the studied plutons are I-type, metaluminous and
shoshonitic in character. The major and trace element
variations indicate that the plutons were differantiated
significantly by fractional crystallization and lesser
crustal assimilation during the evolution of the magma
chamber in the continental crustal.

It can be asserted that the parental magmas were
derived from the enriched lithospheric mantle by
decompressional melting in a post-collisional setting.
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