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ABSTRACT

In Northwest Anatolia, widespread magmatism developed due to collision between Anatolide-Tauride
platform and Sakarya continent during Late Cretaceous-Early Tertiary period. The granitoids in Biga
Peninsula are products of post-collisional magmatism following the convergence of the northern
branch of Neotethyan Ocean and developed in two different stages as Eocene and Oligo-Miocene.
Eocene Karabiga, Giireci, Kuscayir and Dikmen granitoids are granite and diorite-granodiorite;
Oligo-Miocene Sarioluk, Yenice, Kestanbol, Eybek, Evciler, Camyayla and Alankdy granitoids are
diorite, granodiorite, monzonite and Q-monzonite in composition. Metaluminous and peraluminous
granitoids have similar geochemical variations and exhibit post-collisional geochemical signatures.
Trace element patterns are almost similar to those observed in upper crust and GLOSS (Global
Subducting Sediment) patterns with depletion in high field strength (HFS) elements (Nb, Ta, Ti,
Zr, Hf). But, Oligo-Miocene Sarioluk, Yenice-Cakiroba, Kestanbol, Evciler, Camyayla, Alankdy
and Eocene Karabiga, Giireci and Kusgayir granitoids have higher Th and U contents relative to
upper crust and GLOSS. Dikmen, Yenice-Hamdibey, Yenice-Eskiyayla and Eybek granitoids have
lower Th content. Geochemical variations indicate that partial melting and fractional crystallisation-
crustal contamination processes are effective in their genesis and evolution. Trace element ratios
also indicate subduction signatures in their genesis and Rb/Ba, Rb/Sr ratios suggest mantle melting
rather than crustal melting. Accordingly, post-collisional Biga Peninsula granitoids were derived
from a previously metasomatised lithospheric mantle source, which was enriched during northward
subduction and closure of the northern branch of Neo-Tethys Ocean beneath the Sakarya continent,
Received Date: 26.02.2018 since variations in Rb, Cs, Th, La and Sm reveal that lithospheric mantle was mesomatised by both
Accepted Date: 11.06.2018  aqueous fluids and sediment melts.
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represented by the Izmir-Ankara-Erzincan suture
zone (IAESZ) and this suture zone separates the
Sakarya zone from the Anatolide-Tauride platform
(Okay and Tiysiliz, 1999; Sengdér and Yilmaz,
1981). The continent-continent collision is thought

1. Introduction

The closure of the Neo-Tethys ocean at the end
of the Late Cretaceous and the following continental
collision played an important role in the tectonic

evolution of Anatolia. As a result of the subduction
of the northern branch of the Neo-Tethys beneath the
Sakarya continent to the north, continent-continent
collision occurred between the Anatolide-Tauride
platform and the Sakarya continent. This collision
occurring along the northern section of Anatolia is

to have occurred before the Middle Eocene (Geng
and Altunkaynak, 2007; Altunkaynak et al., 2012a)
in the Palacocene-Early Eocene period (Okay et al.,
2001; Okay, 2008). Latest Early Eocene is accepted
as the time of post-collisional extensional tectonics
(Yilmaz et al., 1995; Gen¢ and Yilmaz, 1997;
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Karacik et al., 2008). After this collision, widespread
magmatic activity occurred in northwest Anatolia
(Yilmaz, 1989; 1990; Giileg, 1991; Harris et al., 1994;
Seyitoglu and Scott, 1996; Altunkaynak et al., 20124,
b). After collision, the first products of magmatism
comprised Middle Eocene-aged granitic plutons
and intermediate-composition calcalkaline volcanic
rocks (Harris et al., 1994; Delaloye and Bingdl, 2000;
Altunkaynak and Dilek, 2006; Okay and Satir, 2006;
Altunkaynak, 2007; Altunkaynak and Geng, 2008;
Yilmaz Sahin et al., 2010; Altunkaynak et al., 20125b;
Altunkaynak and Dilek, 2013; Ersoy and Palmer,
2013; Giilmez et al., 2013; Aysal, 2015; Ersoy vd.,
2017a, b). It is known that the Late Oligocene-Early
Miocene period magmatism produced granitic plutons
and coeval volcanic rocks commonly observed in NW
Turkey (Geng, 1998; Aldanmaz et al., 2000; Karacik
et al., 2008; Hasozbek et al., 2010q, b; Yilmaz Sahin et
al., 2010; Altunkaynak et al., 20124; Erkiil and Erkiil,
2012; Aldanmaz et al., 2015; Aysal, 2015). Upper
Miocene-Pliocene magmatism generally has alkaline
basaltic composition (Y1ilmaz et al., 2001; Aldanmaz
et al., 2015; Kiirkciioglu et al., 2008).

There are two different opinions about the origin
and tectonic setting of magmatism in northwest
Turkey. According to the first of these, Middle Miocene
magmatic rocks formed in a magmatic arc environment
(Peccerillo and Taylor, 1976; Yilmaz et al., 1981;
Ercan et al., 1995; Kopriibas1 et al., 2000; Okay
and Satir, 2006; Ustadmer et al., 2009). The second
view is that these are post-collisional magmatism
products and formed due to lithospheric delamination
or slab break-off mechanisms (Aldanmaz et al.,
2000; Kopriibast and Aldanmaz, 2004; Dilek, 2006;
Altunkaynak, 2007; Keskin et al., 2008; Kiirkciioglu
et al., 2008; Dilek and Altunkaynak, 2009; Giilmez et
al., 2013). In recent years, the second view has gained
more acceptance.

As the Biga Peninsula is a region where
subduction, continent-continent collision and post-
collisional processes may be observed, it forms a good
area to research geochemical dynamics of magmatism
and to reveal the effects of these processes on the
genesis and the evolution of the magmatism. This
study assessed the mineralogical-petrographical and
geochemical features of granitic plutons located in the
Biga Peninsula with the aim of determining magma
source based on major oxides, trace elements and rare
earth elements to explain the source properties and
magmatic evolution.
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2. Regional Geology

The Late Cretaceous-Early Eocene period was
a tectonically active period and Tethyan evolution
was effective in Western Anatolia with ophiolite
emplacement, high pressure/low temperature
metamorphism, subduction, arc magmatism and
continent-continent collision processes occurring
(Okay et al., 2001). As a result, northwest Turkey is
located in an important orogenic belt where different
tectonic assemblages and belts can be observed
together (Sengér and Yilmaz, 1981; Okay, 1989;
Okay et al., 1996; Okay and Tiiysiiz, 1999; Okay et
al., 2001). These tectonic assemblages are separated
from each other by sutures represented by ophiolites,
metamorphic rocks and accretionary complexes
(Okay et al., 2001). The Biga Peninsula comprises two
different tectonic assemblages separated from each
other by the Intra-Pontide Suture Zone in the northwest;
these assemblages are the Rhodope-Istranca massif
to the north and the Sakarya assemblage to the south
(Figure 1a). The Sakarya assemblage is bounded by the
Intra-Pontide suture zone to the north and the izmir-
Ankara-Erzincan suture zone to the south (Figure 1a).
The basement of the assemblage is Palacozoic-aged
metamorphic and plutonic rocks (Okay et al., 1996;
Delaloye and Bingdl, 2000; Okay et al., 2006; Topuz
et al., 2007; Okay, 2008) and the Permo-Triassic-aged
(subduction/addition complex) accretionary complex
known as the Karakaya complex which underwent
severe deformation and partial metamorphism (Okay
et al., 1996; Okay and Gonciioglu, 2004; Okay et
al., 2006; Okay, 2008). The complex basement is
unconformably overlain by Lower-Middle Jurassic
continental-shallow marine clastic sedimentary
rocks (Altmer et al., 1991; Okay, 2008) and Middle-
Upper Jurassic platform-type neritic limestones,
Lower Cretaceous limestones and Upper Cretaceous-
Palacocene volcanic and sedimentary rocks (Akytiz
and Okay, 1996; Okay et al., 1996; Okay and Tiiysiiz,
1999; Okay, 2008).

The Biga Peninsula has complicated geology
comprising variable metamorphic, magmatic and
sedimentary rocks with ages from the Palaeozoic to
the Cenozoic. Since the main subject of this study
comprises the mineralogical-petrographical and
geochemical features of Eocene and Oligo-Miocene-
aged granitoids in the Biga Peninsula, the geology
of the region has been simplified (Figure 1). Rocks
outcropping in the Biga Peninsula may be divided in
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two as pre-Tertiary basement rocks and Tertiary rocks
(Duru et al., 2012). In the study area, pre-Tertiary
basement rocks outcrop within NE-SW striking
tectonic zones (Duru et al., 2012). These zones are the
Cetmi melange, Ezine zone and Sakarya Zone from
west to east (Figure 1b).

The Sakarya Zone forming the basement in
the study area comprises the underlying Kazdag
metamorphics and tectonically associated Kalabak

Group and Karakaya complex. All these units are
unconformably overlain by Jurassic-Cretaceous-aged
neritic carbonates (Figure 1b). Ezine Zone which is
outcropped in the NW of the peninsula, is represented
by the Karadag Group, Camlica metamorphics and
the Denizgdren ophiolite overlying these units with
a tectonic contact. The Ezine and Sakarya zones
are overlain by the Upper Cretaceous-aged Cetmi
Melange (Duru et al., 2012) (Figure 1b).
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Figure 1- a) Tectonics of Turkey (Okay and Tiiysiiz, 1999). RSM: Rhodope-Strandja Massif; TB: Thace basin; 1Z: Istanbul Zone; SZ: Sakarya
Zone; MM: Menderes Massif; KM: Kirsehir Massif; BFZ: Bornova Flysch Zone. b) Generalised geological map of Biga Peninsula
(Konak et al., 2016; Duru et al., 2012; Ersoy et al., 20174, b). 1: Karabiga pluton; 2: Giireci pluton; 3: Camyayla pluton; 4: Alankdy
pluton; 5: Kusecayir pluton; 6: Kestanbol pluton; 7: Evciler pluton; &: Eybek pluton; 9: Yenice pluton; /0: Sarioluk pluton; /7:

Dikmen pluton.
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Above these pre-Tertiary basement rocks in
the study region, magmatic and sedimentary rocks
occurred during the Eocene-Quaternary time interval
were emplaced (Duru et al., 2012; Ilgar et al., 2012).
In the Biga Peninsula, Tertiary plutonic and volcanic
rock units are widespread throughout the region.
The Tertiary period begins with Eocene granitoids
and andesitic-dacitic calcalkaline volcanic rocks
and continues in the Upper Miocene with alkaline
character basaltic volcanic rocks (Yilmaz, 1990).

Magmatism developing as a result of collision
between the Sakarya continent and Anatolide-Tauride
platform in the Late Cretaceous-Early Tertiary period
produced its first products in the Middle Eocene and
continued until the end of the Miocene (Y1ilmaz, 1997;
Karacik and Yilmaz, 1998; Geng¢ and Altunkaynak,
2007; Yilmaz Sahin et al., 2010). The granitoids
forming the subject of the study and outcropping over
large areas were emplaced in the region in the Eocene
and Oligocene-Miocene time interval. The age of the
granitoid rocks in the Biga Peninsula becomes younger
from Middle Eocene in the north to Oligo-Miocene
in the south. This study focuses on the mineralogical,
petrographical and geochemical features of the Eocene
granitoid rocks of the Karabiga and Giireci granitoids
outcropping east of Lapseki and around Karabiga in
the north of the Biga Peninsula, Kuscayir granitoid
to the north of Bayramig, Dikmen granitoids to the
south of Biga and the Oligo-Miocene Eybek, Evciler,
Kestanbol, Camyayla, Alankdy, Sarioluk and Yenice
granitoids generally outcropping in the south of the
peninsula.

Karabiga granitoid is located north of Karabiga,
covering nearly 75 km? area and generally has granitic
composition. There are many dikes (pegmatite and
aplite dikes) extending in different directions within
the pluton. Aplite dikes are elongated mainly N-S
direction, with a thickness up to 1.5 m. Pegmatite dikes
are generally extending in N60-80°W direction. The
basement rocks in the area of the Karabiga granitoid
comprises lithologic units such as mica schist,
amphibolite schist and gneiss belonging to Permo-
Triassic-aged Camlica metamorphic rocks. The Upper
Cretaceous Cetmi ophiolite tectonically overlies this
unit (Duru et al., 2012) and the Karabiga granitoid has
been emplaced by cutting both these units.

Giireci granitoid outcropping over 22 km? area
around the Cavuskdy and Giireci were first called the
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Sevketiye granitoid by Delaloye and Bingdl (2000).
They are petrographically classified as granodiorite,
monzonite and quartz diorite. The Giireci granitoid
has experienced intense alteration, fresh outcrops are
found only in some stream beds. There are dioritic
mafic enclaves hosted within the rock.

Kuscaywr granitoid is mostly represented by
dark colored diorite, diorite-porhyry and light
colored granodiorite type rocks and it is white, gray
and yellowish in color due to weathering. Contact
metamorphic zone representing the hornblende
hornfels and albite-epidote hornfels facies is
developed along the contact with host rock. Plutonic
rocks, cutting quartzite and mica-schist, are overlain
by volcanic rocks at the ENE of Kusgayir village.

Dikmen granitoid with a NE-SW trending in the
east of Dikmen fault has coarse grained crystals and is
greyish white in color. They are usually cut by quartz
veins/veinlets which have up to 50 cm. thickness and
aplites. The number of quartz veins/veinlets increase
from north to south.

Sarioluk granitoid is located west of Gonen County
between Balikesir and Canakkale provinces. The unit
is brownish-greenish colour, highly weathered, with
abundant biotite flakes, metagranite with clear foliation
and gneissic granite appearance and petrographically
granodiorite composition. Pegmatite veins containing
abundant quartz and alkali feldspar are observed
cutting the base of the unit in the study area. The unit
has tectonic contacts with all surrounding units.

Yenice granitoids, which are usually light colored,
are mostly represented by monzonitic and granodioritic
rocks, and generally extending in NE-SW direction
in the vicinity of Yenice, Hamdibey, Eskiyayla and
Cakiroba. Contact metamorphism developed at the
contact of plutons. They are abundantly cracked and
articulated, and often cut by aplite dykes.

Kestanbol granitoid is grey-brown in colour, with
occasional K-feldspar of 4-5 cm cut by lamprophyre
in the study area that typically outcrops around
Kestanbol and Kogali village. The Kestanbol
granitoid is lithologically homogeneous comprising
quartz monzonite, monzonite, monzonite porphyry
and granite rock types. Aplite, lamprophyre and
mafic dikes were emplaced into the fractuire planes
in the Kestanbol granitoid. The pluton was emplaced
within metamorphic basement rocks and there is a
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contact metamorphic zone and skarn mineralization
at the contact with basement rocks. There are many
lamprophyre dikes within the pluton.

Eybek granitoid is a pluton represented by granite,
Q-monzonite and granodiorite rocks with N-S;, NW
and NE trending veins in the east section. Some
sections of the pluton are weathered and rounded
forms with 30-50 cm diameter are observed due to
weathering. Additionally, mafic enclaves are enclosed.

Evciler granitoid is an elliptical body covering
nearly 180 km? area with WSW-ENE trending.
Topography in the area of outcrops is smooth. It was
emplaced into the basement rocks and lower volcanic
units. An albite-epidote-hornfels facies zone reaching
up to 200 m width developed on the contact with
Kazdag metamorphic rocks. Mafic enclaves of various
size are observed.

Camyayla granitoid outcrops around Can and is
coeval with the adjacent Dededag volcanic assemblage.
Products developing during this process are defined
by both cross-cutting and overlapping associations.
A contact metamorphic zone with actinolite hornfels
and quartz-alkali feldspar hornfels facies developed
around the pluton.

Alankéy granitoid represented by granodioritic
rocks has well developed skarn =zones and
Q-stockworks as well.

3. Petrographic Features of Biga Peninsula
Granitoids

The granitoids in the study area are mostly
classified as granite and granodiorite (Appendix 1).
In addition, the Giireci, Kestanbol, Kuscayir, Alankoy
and Camyayla granitoids are called as monzonite,
Q-monzonite, Q-monzodiorite and Q-diorite rock
types. The granitoids in the region occur as widespread
plutonic bodies, and aplite and porphyry dikes having
mineralogical composition similar to granitoids
occurred as planar intrusions are observed as well.
The majority of this type of dikes are observed in the
Karabiga, Kestanbol and the Camyayla granitoids.
Almost all samples have holocrystalline texture.
Most of the samples having moderate-large grain size
exhibit granular texture, whereas dikes have fine-
moderate grain size and porphyric texture. The main
mineral phases are quartz, plagioclase, orthoclase,

hornblende and biotite, with relatively lesser amounts
of microcline and clinopyroxene minerals (Figure 2).
Titanite, apatite and opaque minerals are common
accessory minerals. Secondary chlorite, sericite,
calcite and clay minerals are observed in almost all
rocks due to alteration.

Quartz is generally anhedral and crystallised as
space-fillings between other minerals. Typically it
has undulatory extinction. It is subhedral in Karabiga
aplitic rocks and significant reduction is observed in
grain size.

Plagioclaseisthe main component ofthe granitoids.
Many plagioclase minerals have polysynthetic
twinning in addition to zoned texture. Generally,
there is little or partial sericitisation. Especially in
the Evciler granitoids, common myrmekitic texture
is observed along grain boundaries. In the Yenice-
Eskiyayla granitoids, sieve texture is observed due
to excessive alteration. The alteration effect is very
limited in the Sarioluk granitoids.

Alkali feldspar is mainly observed as orthoclase
minerals. Microcline is only observed in the Yenice-
Eskiyayla granitoids. In all samples, orthoclase
generally found as large crystals, has experienced
alteration, and more argillized or sericitized than
plagioclase minerals. Due to large grain size,
they have poikilitic texture enclosing quartz and
hornblende minerals especially in the Giireci, Eybek,
Kestanbol and Evciler granitoids. In the Karabiga,
Yenice-Eskiyayla, Camyayla, Alankdy and Sarioluk
granitoids, perthitic texture, graphic texture and rare
granophyric texture developed.

Hornblende is generally found as long prismatic
crystals. They are less common in the Karabiga and
Kestanbol granitoids than in other regions. Some of
the hornblendes in the Evciler, Yenice-Cakiroba and
Sarioluk granitoids formed from the edges and the
cleavages of the pyroxene. As the transformation of
pyroxene to amphibole is not complete, pyroxene
residues remain. This situation may be explained by
rapid volatile loss from granitic magmas (Poutiainena
and Scherbakovab, 1998). In some samples, and
especially in the Dikmen and Yenice-Hamdibey
region, poikilitic texture containing plagioclase
minerals has developed. Exsolution of opaque from
the cleavage is noteworthy in Eybek and Kuscayir
granitoids. Hornblende in the Camyayla, Alankdy
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Figure 2- Microphotographs from Biga Peninsula granitoids; a) Granite with a granular
texture from Karabiga (plane polarised x 2.5); b) Granite with a granular texture
from Giireci granitoid (plane polarised x 2.5); ¢) Granodiorite with a granular
texture from Dikmen granitoid (cross polarised x 2.5); d) Granodiorite sample
from Sarioluk (cross polarised x 2.5); ¢) Granodiorite from Evciler granitoid
(cross polarised x 2.5); f) Q-diyorit sample from Alankdy granitoid (cross
polarised x 2.5); g) Q-monzonite sample from Kestanbol granitoid (cross
polarised x 2.5); h) Porphyric lamprophyr sample from Kestanbol granitoid
(cross polarised x 2.5); i) Monzonite with a holocrystalline granular texture
from Kestanbol granitoid (cross polarised x 2.5); j) Q-monzodiorite with a
holocrystalline porphyric texture from Kuscayir granitoid (cross polarised x
2.5). Bi: biotite; Hb: hornblende; Or: orthoclase; Pl: plagioclase; Px: pyroxene;
Q: Quartz; Sf: sphene (titanite).
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and Sarioluk granitoids have been carbonatised and in
some parts they are altered to chlorite.

Clinopyroxene minerals have not remained stable,
and largely transformed to hornblende minerals. In
some samples (Sarioluk granitoid), though they retain
their original crystal form, they are generally observed
as residues in the hornblende minerals.

Biotite is found less than hornblende but is the
dominant dark-coloured mineral in the Karabiga
granitoid, especially, and in dikes in other regions.
Generally, they have been chloritised by alteration
in the Yenice-Cakiroba, Hamdibey and Evciler
granitoids.

Titanite is euhedral crystals in nearly all rocks.
Apatite which is rarely observed in the samples, is
found as needle-like and prismatic crystals, and it
mainly occur as inclusions.

4. Analytical Techniques

Major oxides, trace and rare earth element analyses
were performed in General Directorate of Mineral
Research and Exploration (MTA), Mineral Analysis
and Technology Department. Major oxide analyses
were performed by using a Thermo ARL XRF device
with 3 g samples mixed with cellulose binder (0.9 g),
pressed into pellet form at 40 kN pressure.

Trace and rare earth element analyses were
performed by Plasma Quant MS Elite Analytic Jena
ICP-MS device. Samples of 0.25 g were dissolved in
HCI, HNO,, HCIO, and HF acids and the dissolved
sample was completed to 50 ml for analysis. JG la
Certified Reference Material was used for quality
control of the analysis. The values measured during
analysis of certified standard reference material are
given in table 1.

5. Geochemical Features of Biga Peninsula
Granitoids

The major oxide, trace and rare earth element
analysis for granitoids in the Biga Peninsula are given
in Table 1. To classify the rocks, the major oxides were
normalised to 100% on an anhydrous basis and plotted
on a total alkali (Na,0+K,O %) - SiO,% diagram
(Figure 3). According to Middlemost (1994)’s volcanic
rock classification diagram, Eocene Karabiga, Giireci,
Kuscayir and Dikmen granitoids in Biga Peninsula

are granite, diorite and granodiorite in composition,
respectively and  Oligo-Miocene granitoids are
diorite, granodiorite, monzonite and Q-monzonite
in composition. They all exhibit subalkaline major-
oxide character (Figure 3). Subalkaline rocks exhibit
calcalkaline signature according to the AFM diagram
with calcalkaline-tholeiitic dividing line (Irvine and
Baragar, 1971) (Figure 3).

Variation diagrams for major oxides and some
selected trace elements against SiO, (Harker diagrams)
are shown in figure 4. Increasing SiO, is correlated
with (i) decreasing Fe,0,, MgO, CaO, Al,O,, Sr and
Nb and (ii) increasing K,O and Rb. These observed
variations in Fe,O,, MgO, CaO, ALQO,, Sr, and the
relative increase in K,O and Rb with increasing SiO,
may indicate fractional crystallisation processes. Na,O
exhibits a relatively horizontal trend with increasing
SiO,. This situation may be due to weathering. It can
be concluded that fractional crystallisation processes

played a role in the evolution of Biga granitoids.

In the plot of Shand (1943)’s A/NK — A/CNK
diagram (Figure 5a), Karabiga samples are generally
metaluminous, samples from other granitoids are
metaluminous to peraluminous. Most of the samples
clearly plot in the I-type granite field. On the ASI-
Fe , diagram of Norman et al. (1992), the majority of
samples also represent I-type granite features (Figure
5b). As a result, the Biga Peninsula granitoids exhibit
both metaluminous and peraluminous composition.
They have MgO/MnO and MgO/Fe O, ratios generally
varying from 3 to 27 and 0.20 to 0.52, respectively and
Na 0/CaO (<4.86) and A/NK (>1.2) values, reflecting
the characteristics of continental arc granites (Maniar
and Piccoli, 1989).

Primitive mantle (Sun and McDonough, 1989)
normalised trace element distribution diagrams of
Biga Peninsula granitoids are shown in figure 6. As can
be seen on the diagrams, the common features to all
the granitoids in the Biga Peninsula are the depletion
in Nb, Ta, Zr and Ti elements and the enrichment in
Pb and U elements. These observed variations are
common geochemical features of arc magmatism
and also may form as a result of contamination by
continental crust during the upwelling of mantle-
derived magmas. Accordingly, negative anomalies
in Nb, Ta and Ti and positive anomalies in Pb and U
are the most typical features of crustal contamination
and/or sediment contribution to mantle-derived
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Figure 3- Total alkali-SiO, classification diagram for the Biga Peninsula granitoids (Middlemost, 1994). Insert figure is the
AFM ternary diagram of Irvine and Baragar (1971); (A: Na,0+K,0, F: Fe,O,t, M: MgO)
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Figure 4- SiO, variation diagrams for the selected major-oxides and trace elements of the Biga Peninsula
granitoids.
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Figure 5- 2) A/NK (molar) — A/CNK (molar) diagram (Shand, 1943); b) ASI (molar) - Fe  diagram (Norman et al., 1992)
of the Biga Peninsula granitoids.
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material (Gill, 1981; Thompson et al., 1983; Fitton
et al., 1988). In addition to above variations, while
the Eocene Karabiga and Giireci granitoids have
significant Th anomalies, Dikmen granitoids represent
negative Th anomalies. Oligo-Miocene Sarioluk,
Yenice-Cakiroba, Kestanbol, Evciler, Camyayla and
Alankoy granitoids are characterised by significant Th
positive anomalies, whereas Oligo-Miocene Yenice-
Hamdibey, Yenice-Eskiyayla and Eybek granitoids
are depleted in Th. Accordingly, the positive Th and
U anomalies together with negative Nb, Ta and Ti
anomalies may indicate the role of crustal/sediment
contributions in the evolution of granitoids.

Figure 7 displays the chondrite-normalised
(McDonough and Sun, 1995) rare earth element
(REE) distribution diagrams of the selected samples
from the Biga Peninsula granitoids. The great
majority of the samples are enriched in light rare
earth elements (LREE) relative to heavy rare earth
elements (HREE) and they have (La/Yb), ratios
varying from 8 to 29. But, the low [(La/Yb) = 2.17]
ratio of a sample (ASM-K06) from Giireci granitoid
can reflect the unfractionated nature of the sample.

Most of the samples do not have significant negative

Eu anomaly, but Karabiga and Sarioluk granitoids
have slight negative Eu anomaly, possibly indicating
the fractionation of plagioclase (Figure 7).

6. Discussion

6.1. Identification of Magmatic Processes: Fractional
Crystallization, Partial Melting and Crustal
Contamination

Major oxide, trace element variation diagrams,
trace and REE distribution patterns indicate that the
Biga Peninsula granitoids were affected by fractional
crystallisation processes during the evolution of the
magmatism. But, the majority of samples had no
clear negative Eu and Sr anomalies, indicating that
plagioclase fractionation was not significant in the
evolution of the Biga granitoids. As a result, in order
to determine the effects of fractional crystallisation,
the Rb-Sr and K/Rb-SiO, diagrams (Figure 8) is
used, since Rb/Sr ratio is a good marker for fractional
crystallisation and high Rb/Sr ratio indicates advanced
degrees of fractionation (Imeokparia, 1981; Blevin,
2003). Most of the samples have Rb/Sr ratios varying
from 0.1 to 1.0, whereas the Rb/Sr ratios in Karabiga
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Figure 7- Chondrite normalised (McDonough and Sun, 1995) rare earth element patterns of the Biga Peninsula

granitoids.
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and Dikmen samples range between 0.33-4.40 and
0.05-0.07, respectively (Figure 8a). Accordingly, while
there is relatively strong fractionation for the Karabiga
granitoids, the effects of this process are mildly in the
Dikmen granitoids. Similarly, the K/Rb-SiO, diagram
(Figure 8b) is one of the important indicators used to
determine the degree of fractionation in granitic melts
as low K/Rb and increasing SiO, content indicates
strong fractionation (Blevin, 2003; Rossi et al., 2011).
As seen on the figure 8b, the Biga Peninsula granitoids
show moderate levels of fractionation.

The Rb-Ba-Sr triangular diagram adapted from
El Bouseily and El Sokkary (1975) (Figure 9)
(Karapetian et al., 2001; Xiang et al., 2017) is used
to assess the magmatic differentiation process and
tectonic setting features in the evolution of granitoids.
The majority of samples display quartz diorite and
granodiorite composition and are plotted in the I-type
granite field, but the Karabiga granitoids fall in the
area between S- and I-type granites and show strong

fractionation (Figure 9). Samples having I-type granite
characteristics show moderate level of fractionation.
It can be concluded that the effects of the fractional
crystallisation process were at moderate levels during
the evolution of Biga Peninsula granitoids.Moreover,
in order to asses the partial melting processes in
the genesis of magmatism, the La — La/Yb diagram
of Thirlwall (1994) is utilised (Figure 10). While
horizontal trends give fractional crystallisation, the
increasing La/Yb with increasing La indicates the
partial melting processes. We conclude that partial
melting is also thought to play a significant role.

Figure 8, 9 and 10 reveal the effects of fractional
crystallisation and partial melting processes in the
evolution and genesis of the magmatism. Besides,
Ce/Pb — Pb and Rb/Ba — Rb/Sr diagrams were used
to determine the effects of crustal contamination on
magmatism (Figure 11). Low Ce/Pb ratio is one of the
most characteristic features of crustal contribution and/
or sediment contribution to mantle material because
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Figure 9- Rb-Ba-Sr ternary discrimination diagram of the Biga Peninsula granitoids (adapted from EIl Bouseily
and El Sokkary, 1975; Karapetian et al., 2001 and Xiang et al., 2017). Roman numerals from I to V
indicate poorly evolved granite to strongly evolved granite. I: Diorite; II. Granodiorite-Quartz-diorite; II1.
Anomalous granite; IV. Normal granite; V: strongly evolved granite.
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Figure 10- La — La/Yb diagram (Thirwall, 1994) of Biga Peninsula granitoids. Symbols as in figure 9.

the Pb content of crustal material is clearly higher
compared to the mantle (Taylor and McLennan, 1985;
Hofmann et al., 1986). Hofmann et al. (1986) showed
that ocean island basalt (OIB) and mid-ocean ridge
basalt (MORB) have high and relatively constant Ce/Pb
ratios (~ 25), while the upper crust (UC) has lower Ce/
Pb ratio (~3.2) (Taylor and Mc Lennan, 1985). In order
to determine the role of crustal contamination in the
evolution of Biga Peninsula granitoids, binary mixing
modelling of Langmuir et al. (1978) was applied. In
the mixing model, OIB&MORB and UC were used
as end-members and two component binary mixing
diagram between Pb and Ce/Pb were created. Biga
Peninsula granitoids are plotted on the mixing curve
between OIB&MORB and UC and shifted towards the
UC end-member on the curve (Figure 11a).

Biga Peninsula granitoids show trace element
distribution patterns similar to that of upper crust
(Taylor and McLennan, 1985; McLennan, 2001)
and GLOSS (Plank and Langmuir, 1998). But, there
are some significant differences in detail. Sarioluk,
Yenice-Cakiroba, Kestanbol, Evciler, Camyayla,
Alankdy, Karabiga, Giireci and Kusgayir granitoids
are enriched in Th, whereas Yenice-Hamdibey,

100

Yenice-Eskiyayla, Eybek and Dikmen granitoids
are depleted in Th. Accordingly, high Th and Pb
concentrations do not appear to be explained solely
by crustal contamination processes. As a result, Rb/
Ba — Rb/Sr diagrams has been used to distinguish
the mantle-derived melts from crustal derived melts
(Li et al., 2015; Chen et al., 2017) (Figure 11b). The
diagram includes Sylvester (1998)’s basalt and pelite-
derived melt curves. Most of the studied samples are
plotted in the clay-poor source field but Karabiga
samples are shifted towards the pelite-derived melt
composition and clay rich source. According to this
diagram (Figure 11b), derivation from crustal melting
does not seem plausible explanation for the genesis
of Biga Peninsula granitoids. Furthermore, although
the crustal contribution may have played a role in the
evolution of magmatism (Figure 11a), the negative
anomalies in Nb, Ta and Ti and positive anomalies in
Th and U, GLOSS-like trace element distributions and
Rb/Ba-Rb/Sr variations essentially reflect the source
characteristics rather than crustal contamination
processes (Figure 11b).

Consequently, the observed geochemical variations
— such as depletion in Nb, Ta, Ti, enrichment in Th,
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Figure 11- Biga Peninsula granitoids a) Ce/Pb — Pb

binary mixing diagram. Binary mixing curve between OIB

and MORB [average values of Normand and Garcia (1999)] and upper crust (UC) (Taylor and
McLennan, 1985) is calculated from Langmuir et al. (1978); b) Rb/Ba — Rb/Sr diagram. Basalt- and
pelite-derived melt curve from Sylvester (1998).

U and Pb and UC and GLOSS-like trace element
distributions — are unlikely to be explained solely
by crustal contamination. Because, magmas derived
from mantle-source metasomatised by subduction

components may retain these types of geochemical
features. As a result, the source characteristics of the
magmas generating the Biga Peninsula granitoids are
assessed in the following section.
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6.2. Tectonic Setting and Source Characteristics

In order to determine the tectonic setting of the
Biga Peninsula granitoids, the tectonic discrimination
diagram for granitic rocks of Pearce et al. (1984) is
used (Figure 12). According to this diagram, samples
are generally plotted in the volcanic arc granite (VAG)
field. However, the tectonic setting of rocks falling
at the intersection of within plate granites (WPQG),
arc granites (VAG) and syn-collisional granites (syn-
COLG) is still controversial and this intersecting
field is accepted as the post-collisional granite (post-
COLG) field (Pearce, 1996). Accordingly, the Biga
Peninsula granitoids can be clearly classified as post-
collisional granites (Figure 12).

Nb/La—Ba/Rb and Ce/Pb— Ce diagrams have been
used to reveal the role of subduction components on
the samples exhibiting geochemical features similar
to post-collisional granites (Figure 13). Low Nb/La
and Ce/Pb ratios indicate subduction components. As
can be clearly seen on the figures, the Biga Peninsula
granitoids are plotted within the field represented by
global subducted sediment (GLOSS). According to
these diagrams, the variatons in Nb/La, Ba/Rb and Ce/
Pb can be attributed to subduction zone process and

interpreted as that the post-collisional granitoids in the
study area were derived from mantle source carrying
subduction zone components.

In order to determine the process responsible for
Th enrichment and the subduction components in
Biga Peninsula granitoids, the element associations
indicating different geochemical behaviour in ageous
fluid and sediment melt phases have been utilised.
Ratios of slab-derived fluid/melt mobile elements (e.g.
Th, Ba, Rb, Cs and La) to slab-derived fluid immobile
element (e.g. Sm) are good markers for following
the subduction zone components, since Ba, Rb and
Cs elements mobilise with the aqueous fluid phases
(McCulloch and Gamble, 1991; Ribiero et al., 2013),
whereas Th and La are solely mobilise with sediment
melting (Johnson and Plank, 1999; Ribeiro etal.,2013).
Thus, Th/La and La/Sm are used by many researchers
to determine the involvement of subducting sediment
and sediment melts in subduction zones (Plank, 2005;
Tommasini et al., 2011; Labanieh et al., 2012; Chen
et al.,, 2017) and involvement of slab sediment into
the overlying mantle wedge assigns the La/Sm ratios
of the source (Labanieh et al., 2012). According to
these criterion, La/Sm ratios (4.6-20.5) of almost
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Figure 12- Rb- Y+Nb tectonic discrimination diagram of Biga Peninsula granitoids (Pearce et al., 1984;
Pearce, 1996). VAG: Volcanic arc granites; syn-COLG: syn-collisional granites; WPG: within-
plate granites; post-COLG: post-collisional granites. Symbols as in figure 11.
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all samples and Th/La ratios (1.6-4.7) of Sarioluk,
Yenice-Cakiroba, Kestanbol, Camyayla,
Alankdy, Karabiga, Giireci and Kusgayir granitoids

Evciler,

are sufficiently high to imply sediment involvement.
But, La/Sm ratio also increase as a result of some
processes such as weathering, fractional crystallisation
and partial melting (Labanieh et al., 2012). As a result,
to eliminate factors such as weathering and fractional

crystallisation causing high La/Sm ratios in Biga
Peninsula granitoids, the La/Sm — loss on ignition
(LOI) and La/Sm - SiO, diagrams have been utilised
(Figure 14). As the LOI values are directly related
to degree of weathering, it increases with increasing
weathering. Thus, LOI is a good marker to distinguish
weathered sample from fresh sample (Chauvel et al.,
2005). Labanieh et al. (2012) also demonstrate that
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Figure 14- a) La/Sm — Loss on Ignition (LOI) and, b) La/Sm — SiO, diagrams of Biga Peninsula granitoids.

Symbol as in figure 13.

La/Sm values increase with increasing weathering.
As can be clearly seen on the figure 14a, there is no
clear correlation between La/Sm and LOI. The lack
of correlation between LOI and La/Sm indicates that
weathering do not play a significant role on the ratio of
La/Sm. In the plot of La/Sm versus SiO, (Figure 14b),
there is a mild positive correlation with increasing
Si0,, but it does not adequate to explain the high La/
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Sm ratios in the samples. Consequently, the high La/
Sm ratios (5-20) in Biga Peninsula granitoids can be
attributed to sediment contribution (Labanieh et al.,
2012).

Similarly, the Rb/Th, Cs/Th — La/Sm diagrams
(Figure 15) are used to discriminate ageous fluids from
the sediment-derived melts in the samples (Ribeiro et
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Figure 15- a) Rb/Th —La/Sm; b) Cs/Th — La/Sm diagrams (Ribeiro et al., 2013) of Biga Peninsula
granitoids. GLOSS values from Plank and Langmuir (1998).

al., 2013). It can be interpreted that aqueous fluids
were effective in the genesis of the Yenice-Hamdibey,
Yenice-Eskiyayla, Eybek and Dikmen granitoids since
they are characterised by low Th contents, whereas
sediment melting appear to be the dominant process
in the genesis of Th-enriched samples (Figure 15a, b).

6.3. Assesment of Ore-Formation Potential

Undoubtedly, granitic rocks and/or granitoids are
very important in terms of ore potential. Many mineral

deposits of economic significance are associated
with granitic rocks, and the most important of these
are copper (Cu)-molybdenum (Mo), Cu-Au, tin (S)-
tungsten (W)-uranium (U) and rare metals (Ta-Cs-
Li-Nb-Be-Sn-Mo-W) deposits. The Biga Peninsula,
located in the Tethyan metallogenic belt containing
the world’s important ore deposits, is the most
important metallogenic region in Turkey (Yigit, 2012)
As a result, to determine the mineralisation potential
of Biga Peninsula granitoids, which have post-
collisional features and exhibit both metaluminous
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and peraluminous composition, and were derived from
lithospheric mantle metasomatised by ageous fluids
and sediment melts, Ballouard et al.(2016)’s Nb/Th —
Zr/Hf diagram has been used. Ballouard et al. (2016)
suggested that peraluminous granites with low Nb/
Ta ratios had experienced fluid interactions leading to
enrichment in strongly incompatible elements such as
Cs, Sn, F, Li, Rb and W and the Nb/Ta ratio may be
used to distinguish barren granites from ore-bearing
granites. They also demonstrated that low Nb/Ta
content (<5) indicates concomitant effect of fractional
crystallisation and magmatic-hydrothermal alteration,
and F-rich acidic reduced fluids of magmatic origin
are responsible for these types of processes. It is
apparent on the Nb/Ta — Zr/Hf diagram (Figure 16),
Yenice-Hamdibey and Eskiyayla, Eybek and Dikmen
granitoids have low Nb/Ta and Zr/Hf contents and
are shifted towards the rare metals related granites
field. This case indicates that fluids of magmatic
origin have played significant role in Dikmen, Eybek,
Yenice-Hamdibey and Yenice-Eskiyayla granitoids
and reflects the concomitant effect of fractional
crystallisation along with magmatic-hydrothermal

alteration. This is also supported by the observed
variations in Rb/Th — La/Sm and Cs/Th — La/Sm
diagrams (Figure 15) that aqeous fluids have played
a significant role in the genesis of Yenice-Hamdibey
and Yenice-Eskiyayla, Eybek and Dikmen granitoids.

7. Conclusions

Following the collision of the Sakarya continent
with the Anatolide-Tauride platform in the Late
Cretaceous-Early Tertiary, widespread magmatic
activity developed in northwest Anatolia. Plutons in
the Biga Peninsula are products of this magmatism and
were emplaced in the time interval from the Eocene
and Oligo-Miocene. The Biga Peninsula granitoids are
products of a post-collisional environment, generating
due to partial melting of a lithospheric mantle source
metasomatised by aqueous fluids and sediment-melts
released during the previous subduction. In addition,
trace element distributions and trace element ratio
diagrams demonstrate that crustal contamination and
fractional crystallisation processes have also mildly
effects in the evolution of the granitoids.
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