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Abstract: Magnetite-ulvdspinel and ilmenite-hematite solid solution intergrowths from the high-K calc-alkaline
Délek and Saricicek plutons, Eastern Turkey, were investigated using microprobe analyses. Compositions of
twenty-eight samples from the host rocks and their enclaves in the plutons were used to estimate the oxygen
fugacity and temperature. The ilmenite and ulvdspinel component exsolves out along certain preferred
crystallographic planes in the titanomagnetite of the host rocks, while they are always absent in those of the mafic
microgranular enclaves. The titanomagnetite and ilmenite show variations as Mtgyg ,,Usp, 3, and llmgg gsHMy, 55 in
composition, respectively. Estimations of oxygen fugacity and temperature using the titanomagnetite-ilmenite
thermometry/oxygen barometry range from logfO, of -15.30 to -20.48 in host rocks, logfO, of -15.39 to -20.80
in the mafic microgranular enclaves and 617+6 to 758+23 °C in host rocks, 622+6 to 735+24 °C in the mafic
microgranular enclaves, possibly indicating crystallisation temperature. Applying magnetite-ilmenite
thermometry/oxygen barometry to the granitoid rocks also involves microprobe analyses of ilmenite lamellae in
titanomagnetite and this method yielded mean temperatures of 679+18 °C. The specific forms and chemical
properties of Fe-Ti oxides, and similarities in crystallization temperature and oxygen fugacity of the host rocks and
the mafic microgranular enclaves (MME) obtained from the Fe-Ti oxide pairs imply that thermal equilibrium
probably occurred between two contrasted magmas, which mixed in various proportions so that possibly a felsic
and a more mafic magma interaction occurred in a convectively dynamic magma chamber during crystallization of
the plutons. Probably, underplating may be responsible for genesis of the hybrid plutons. Thus, for mixing of
coeval magmas derived from a lithospheric upper mantle (mafic end-member) and lower crust (felsic end-
member), a thermal anomaly should be supplied. Upwelling of hot asthenospheric material results in thermal
perturbation and melting of lithospheric mantle. Intrusion of hot lithospheric mantle-derived mafic magma then
induced lower crustal melting, producing felsic melt. Mixing of the lower crust-derived melt and lithospheric
mantle-derived magma formed the hybrid plutons. This process requires a post-collisional extensional tectonic
setting during the Eocene in the Eastern Pontides.

Key Words: Dolek and Sarigicek plutons, Eastern Turkey, magma interaction, magnetite-ilmenite
thermometry/oxygen barometry

Délek ve Saricicek Plitonlarindaki Fe-Ti Oksit Bilesimlerinde
Magma Karisim izleri, Dogu Tiirkiye

Ozet: Dogu Turkiye'de, yiiksek-K'lu kalk-alkalin Délek ve Saricicek pliitonlarindaki manyetit-ulvospinel ve ilmenit-
hematit kati ergiyik Grtnleri mikroprop analizleri ile incelenmistir. Oksijen kismi basinci ve sicaklik tahminleri icin,
plittonlarda anklav ve ana kayaclardan toplanan yirmi sekiz érnegin bilesimleri kullanilmistir. llmenit ve ulvéspinel,
ana kayaclardaki titanomanyetitlerde bazi kristalografik yizeyler boyunca dizenli bir bicimde ayrilim lamelleri
halinde olusmuslardir. Ancak, bu olusum, mafik mikrogranular enklavlarin titanomanyetitlerinde bulunmamaktadir.
Titanomanyetit ve ilmenit sirasiyla, Mtgg ,qUspy, 50 Ve llmgg gsHmMy, 55 bilesimindedir. Titanomanyetit-ilmenit
termometre/oksijen barometresi kullanilarak elde edilen oksjjen fugasitesi tahminleri, ana kayaclarda -15.30 logfO,
ila -20.48 logf0, arasinda, mafik mikrogranular enklavlarda -15.39 logf0, ila -20.80 logfO, arasindadir. Sicaklik
tahminleri ise, ana kayaclarda; 617 + 6 ila 758+23 °C arasinda, mafik mikrogranular enklavlarda ise 622+6 ile
735+24 °C arasindadir. Sicaklik degerleri, ylksek olasilikla Kristallesme sirasindaki degerlerini temsil ederler.
Granitoyid kayaclar Uzerinde yapilan bu titanomanyetit-ilmenit jeotermometresi, lamel bicimli ilmenit ciftleri
Uzerinde de denenmistir ve ortalama 679+18 °C olusum sicaklidi belirlenmistir. Fe-Ti oksitlerin spesifik kristal
bicimleri, kimyasal ¢zellikleri ve ana kaya¢c ve mafik mikrogranular anklaviardan (MME) alinan Fe-Ti oksit
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ciftlerinden hasaplanan sicaklik ve oksijen fugasitesi degerlerindeki benzerlikler, bu plitonlarin Kristalizasyonu
suresince, dinamik bir magma odasinda muhtemelen bir felsik ile bir mafik magmanin cesitli oranlarda karismis
olabilecegini ve bu iki tezat magma arasinda yiksek olasilikla termal dengenin saglanmis olabilece@ine isaret
etmektedir. Hibrit plitonlarin olusumlarinda, biyik olasilikla, yikselen sicak magmanin manto-kabuk sinirina
yerleserek magma odasi olusturmasi mekanizmasi etkili olmugstur. Litosferik Ust manto (mafik u¢ Uye) ve alt
kabuktan (felsik ug tye) tlreyen esyasli magmalarin karisabilme modelinin gerceklesebilmesi icin sicaklik kaynaginin
tanimlanmasi gerekir. Sicak astenosferin yiikselmesi neticesinde, sicaklik degisimi meydana gelir ve litosferik manto
ergimis olabilir. Daha sonra, litosferik mantodan tlreyen sicak magma alt kabugu ergitir ve felsik magma meydana
gelir. Alt kabuk ve Ust manto kaynakli magmalarin karigimi bu hibrit plitonlari olusturmustur. Bu olay Dogu
Pontidler'de Eosen surecinde, ¢arpisma sonrasi genislemeli bir tektonik ortamin varliini gerektirir.

Anahtar Sozcukler: Dolek ve Sarigicek plitonlari, Dogu Turkiye, magma etkilesimi, manyetit-ilmenit

termometresi/oksijen barometresi

Introduction

Despite recent advances in understanding magmatic
processes through geochemical and isotopic signatures,
hybrid granitoids are perhaps the least understood, in
terms of magma processes and genesis. Iron-titanium
oxide minerals, as small parts of the hybrid granitoids,
are useful for studying the crystallization conditions of
hybrid granitoid systems. They may also provide evidence
for magma interactions in a magma chamber because
their compositions change much faster than those of
silicates during temperature fluctuation that may be
caused by magma mixing. Indeed, they are fast enough to
record changes in magma chamber temperature (e.g.,
Nakamura 1995; Venezky & Rutherford 1999; Devine et
al. 2003) and are sensitive indicators of magma
interactions between two-contrasting magmas. Also, the
oxygen fugacity of the granitoid rocks directly determines
the stability of, and the Fe content of Fe-Mg silicate
minerals as well as the stability of common oxide phases
such as magnetite, ilmenite and rutile. The latter has a
direct influence on the degree of solid solution between
either magnetite and ulvdspinel or between ilmenite and
hematite (e.g., Frost et al. 1988; Lindsley et al. 1990;
Andersen et al. 1991; Harlov 1992, 2000). Thus, the
oxygen fugacity and corresponding temperature for
granitoid rocks may be ascertained, if they contain
coexisting assemblages of magnetite-ilmenite (e.g.,
Spencer & Lindsley 1981; Andersen et al. 1991; Frost &
Lindsley 1991). This thermometry/oxygen barometry is
very commonly applied to igneous rocks to describe their
petrological characters (Frost & Lindsley 1991; Ghiorso &
Sack 1991).

In this study, we examine iron-titanium oxides in
samples from the hybrid Délek and Sarigicek plutons with
back-scattered electron (BSE) images and try to
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determine the chemical compositions of the oxides with
an electron microprobe analyzer. In addition, this paper
uses Fe-Ti oxides as a geothermobarometer to constrain
the magma interactions controlling the generation of
these hybrid granitoids. The rationale is to monitor the
lamellae in titanomagnetite of the host rocks to try to
detect whether or not felsic magma in the system could
be heated by mantle-derived mafic magma. It also tries to
determine a possible geodynamic system in which the
hybrid plutons occurred.

Regional Geology

The Eastern Pontides are generally divided into a
northern and a southern zone, based on the differences
between the rock associations (Akin 1979; Okay &
Sahintirk 1997; Okay et al. 1997). The initiation of arc
magmatism (Late Cretaceous—Late Paleocene) is related
to northward subduction of the northern branch of
Neotethys in the Eastern Pontides (e.g., Akin 1979;
Sengodr & Yilmaz 1981; Okay & Sahintlirk 1997; Yilmaz
et al. 1997; Sengor et al. 2003; Yimaz & Kandemir
2006) and the subsequent collision between the Pontides
and the Tauride-Anatolide platform, although the timing
of the collision is still controversial (e.g., Robinson et al.
1995; Okay & Sahintirk 1997; Sen et al. 1998; Sengor
et al. 2003). Okay et al. (1997) suggested that the
collision occurred during the Late Paleocene to Early
Eocene, based on field relationships and ages of
granitoids. Also, Boztug et al. (2004) reported apatite
fission-track data indicating a Late Paleocene to Early
Eocene collision between the Eurasian plate and the
Tauride-Anatolide platform. The basement of the Eastern
Pontides consists of Devonian metamorphic rocks, Lower
Carboniferous granitic and dacitic rocks, Upper
Carboniferous—-Lower Permian shallow-marine to
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terrigenous sedimentary rocks and Permo-Triassic
metabasalt, phyllite and marble (e.g., Yimaz 1972;
Sengér & Yilmaz 1981; Okay & Sahintlrk 1997; Yilmaz
et al. 1997). The basement is overlain by Lower—Middle
Jurassic tuffs, interbedded pyroclastic and clastic
sedimentary rocks, and Upper Jurassic—Lower Cretaceous
carbonates (Sengér & Yilmaz 1981; Okay & Sahintirk
1997). The upper Mesozoic and Lower Cenozoic are
represented by ophiolitic mélange, volcanic rocks and
granitoid plutons (e.g., Tokel 1977; Yimaz & Boztug
1996; Boztug et al. 2004); they are covered by Upper
Paleocene—Lower Eocene foreland flysch and post-Eocene
terrigenous sediments (e.g., Okay & Sahintlrk 1997).

The Eastern Pontides extend for 450 km along the
northeastern coast of Turkey (Figure 1a, b) and include a
series of granitoid bodies, which are parts of the
composite Kackar Batholith (Boztug et al. 2006),
emplaced during Early Cretaceous to Late Eocene times.
The granitoid bodies occurred in various geodynamic
settings and have different ages (Taner 1977; Moore et
al. 1980; Boztugd & Harlavan 2007; Boztug et al. 2007)
and compositions (Yilmaz & Boztugd 1996; Karsh et al.
2002; Topuz et al. 2005; Boztug et al. 2006; Dokuz et
al. 2006; Topuz & Okay 2006). The compositions of the
plutons in the Eastern Pontides vary from low-K tholeiitic
through calc-alkaline (rarely high-K) metaluminous
granitoids and peraluminous leucogranites to alkaline
syenites and monzonites (e.g., Karslh et al. 2002; Sahin et
al. 2004; Boztug et al. 2006). Their emplacement took
place during crustal thickening related to the arc-
continent collision and subsequent post-collisional
extension (e.g., Yimaz & Boztug 1996; Karsl et al.
2004a, b, 2007; Topuz et al. 2005; Boztug & Harlavan
2007; Boztug et al. 2007).

Geology of the Délek and Saricicek Plutons

The Dolek and Sarigicek plutons are part of the composite
E-W-trending Kackar Batholith, intruded between 30
and 80 Ma ago (Taner 1977; Moore et al. 1980; Boztug
& Harlavan 2007; Boztug et al. 2007), in the Eastern
Pontides of Eastern Turkey. The Doélek and Sarigicek
plutons are located in the southern part of the Eastern
Pontides (Figure 1b). Both plutons are elliptical; the long
axis of the Dolek pluton extends NW-SE, while that of the
Sarigicek pluton trends NE-SW. They cover an area of
<40 km® and have a wide contact aureole in Early Eocene

andesitic rocks of the Alibaba Formation (Figure 2). All
contacts with the country rocks are sharp. Country rock
xenoliths are absent. The host rocks of the plutons are
undeformed and no shear zones were observed. The
plutons have a biotite K-Ar cooling age of 44-42 Ma
(Karsli et al. 2007).

Sampling and Analytical Procedure

Fresh samples were collected from outcrops of the Dolek
and Sarigicek plutons (Figure 2). Selected samples of both
the host rocks and mafic microgranular enclaves (MMES)
were homogeneously obtained from all over the plutons.
Seventy-seven oxide pairs in the host rock and MMEs
were obtained for thermobarometric determinations.
Compositions of iron-titanium oxides and accompanying
silicates were determined using the CAMECA-SX 51
electron microprobe equipped with five wavelength-
dispersive spectrometers in the Mineralogical Institute of
Heidelberg University, Germany. Synthetic and natural
oxides and silicates were used for calibration. The
correction procedures were performed using CAMECA's
PAP algorithm of Pouchou & Pichoir (1985). Operating
conditions were 15 KV accelerating voltage and 20 nA
beam current. Counting time was usually 10 s for major
elements, i.e., Si, Al, Fe, Ca, Na and K. The analyses were
performed with a beam diameter of 1 pm except for
feldspars analyzed with a defocused beam (10 pym) in
order to minimize possible alkaline diffusion. Fe** was
estimated assuming charge balance and ideal mineral
stoichiometries. Detection limits were 0.03 wt% SiO,,
0.06 wt% TiO,, 0.06 wt% AlL,0,, 0.07 wt% Cr,04, 0.10
wt% FeO, 0.08 wt% MnO, 0.07 wt% MgO, 0.04 wt%
Ca0, 0.04 wt% Na,0 and 0.03 wt% K,0.

Mineralogy and Petrography of the Délek and
Saricicek Plutons

Host Rocks

The Dolek and Sarigicek plutons form outcrops less than
10 km long and up to 4 km wide (Figure 2). They
comprise a variety of granitoid rocks including granite,
granodiorite, tonalite, monzonite and diorite, with
granodiorite and tonalite dominant (~70% of the mass
volume). All the rock units from both plutons share
several common petrographic and geochemical features
and they are therefore described together here. In both
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Figure 2. Geological map of the Délek and Sarigigek Plutons (modified from Karsli et al. 2007).

plutons monzonite and diorite never exceed 25%, and
granite occupies less than 10% of the total volume. The
contacts between all lithotypes are transitional. The main
rocks of the plutons are medium-grained (Figure 3a—c).
Plagioclase grains displaying oscillatory zoning (~10 mm;
Figure 3d) can be attributed to magma mixing (e.g.,
Vernon 1990; Hibbard 1991; Waight et al. 2000). They
usually occur in a fine-grained matrix of plagioclase
(25-73%), K-feldspar (9-42%), quartz (4-35%),
amphibole (1-20%), biotite (0-179%), pyroxene (cpx;
0-10%) and iron-titanium oxides (1-7%). Mafic
constituents are mainly represented by amphibole, biotite
and pyroxene. Dioritic and monzonitic rocks contain more
abundant amphibole and biotite (amphibole > biotite)
than in granitic, granodioritic and tonalitic rocks.
Pyroxene occurs only in dioritic rocks. Lath-shaped
plagioclase is common, and ranges in composition from
Ang, to An,g, with Or content rarely exceeding 1 mol. %.
Oscillation controlled by An mol. % variation changes
from 10 to 150 mm in thickness and has ~15 mol. % An
variation. Orthoclase (Orgg ,,Ab; ,6AN, ) contains
inclusions of finer-grained plagioclase, amphibole and

biotite. Quartz is anhedral and poikilitic and also encloses
K-feldspar. Green to brownish green amphiboles are
generally  calcic and characterized by X,
[=Mg/(Mg+Fe,,)]= 0.51-0.82. Biotite forms large
subhedral to euhedral crystals (10-15 mm in length) with
inclusions of Fe-Ti oxide and apatite (Figure 3e) and has
variable TiO, content (3.36-6.50 wt%) and X,,, of 0.53
to 0.73 (Table 1). Bladed biotite was also observed in the
host rocks (Figure 3d). Pyroxene occurs as small,
yellowish green subhedral grains (~1 mm) (Figure 3e).
Diopsidic, salitic and augitic pyroxenes have X, ranging
from 0.66 to 0.78. Fe-Ti oxides coexist with mafic
silicates  (Figure  3e). Large titanomagnetite
(Mtgg 70USPgo.oz) Crystals surrounded by finer-grained
ilmenite (Ilmyg gsHM45 ;) show well-developed exsolution
lamellae. Apatite exists as irregular blobs within
titanomagnetite, biotite, amphibole and plagioclase.
Titanite is concentrated around large titanomagnetite
crystals, but may also form aggregates of twinned
crystals. Prismatic zircon is an accessory phase in all rock
types in these plutons.
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Figure 3. (a—c) Macroscopic view of the MMEs within the host rocks and (d—f) photomicrograph showing textural relationships of the host granitoid
rocks and their enclaves. The features are amphibole (Am), plagioclase (Pl), biotite (Bi), orthoclase (Or), quartz (Q), pyroxene (Py), Fe-Ti
oxides (Fe) and plagioclase phenocryst (PP).

Mafic Microgranular Enclaves host rocks, the MMEs are fine-grained, and gabbroic
diorite, diorite and quartz monzodiorite in composition.
They have ellipsoidal and flattened shapes. These features
suggest plastic behavior when they were incorporated

The MMEs are widespread within the plutons, but their
spatial distribution is heterogeneous, and mainly
concentrated in the more felsic rocks. Compared to the
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into the hybrid host magma (e.g., Frost & Mahood 1987;
Poli & Tommasini 1991). The MMEs are commonly 1
mm to 30 ¢m across (Figure 3a—c). Larger MMESs never
occur in the plutons. The contact with their host is usually
sharp, rounded or irregular, but diffusive contacts are
also observed. This morphology is attributed to a mixing
of mafic and felsic magmas (e.g., Perugini et al. 2004).
The degree of thermal, rheological and compositional
contrast of co-existing mafic and felsic magmas governs
the hybridization levels preserving the megascopic
features of the magma mixing (e.g., Kumar et al. 2004).
The MMEs show no cumulate textures: their magmatic
textures are similar to poikilitic-equigranular textures of
basic igneous rocks. The MMEs contain higher
ferromagnesian phases and plagioclase and lower quartz
and K-feldspar than those of the host rocks. They are
composed of plagioclase (56—-76%), amphibole (6-20%),
biotite (1-8%), pyroxene (1-7%), orthoclase (3-7%),
quartz (2-8%) and Fe-Ti oxides (2-4%); they also
contain rounded and large plagioclases, which are
compositionally similar to those in the host rocks (Karsli
et al. 2007; Figure 3c, f). In some cases, the large
plagioclases cross-cut the enclave/host boundary. These
features, common in the enclaves worldwide, are
considered to prove that the enclaves were in a liquid
state when they were incorporated into the more felsic
magma (e.g., Vernon 1984; Perugini et al. 2003).
Titanomagnetite is always present and the rimming
titanite is observed less frequently. Small ilmenites and
acicular apatites also occur as accessories. The presence
of acicular apatite and quartz ocelli reflect on the
hybridization process associated with the generation of
the MMEs. The mineral assemblage and mineral
compositions of mafic enclaves are similar to those in the
host rocks.

Results
Iron-Titanium Oxide Mineralogy

The iron-titanium oxides (titanomagnetite and ilmenite)
reported here were collected from the Dolek and
Saricgicek plutons. They usually form euhedral to anhedral
crystals and exist near and within the mafic silicates such
as biotite, amphibole and pyroxene (Figure 3e). Some are
also surrounded by quartz, plagioclase and K-feldspar.
Apatite occurs as irregular blobs within titanomagnetite
crystals, which do not contain exsolution lamellae. The

rimming of ilmenite by secondary titanite, implying
alteration of ilmenite, was rarely observed. lmenites are
often concentrated around the large titanomagnetites.
The titanomagnetites show a well-developed exsolution
lamellae, which are mainly cloth-textured, and comprise
ilmenite lamellae (Figure 4a). In contrast to
titanomagnetites, ilmenites do not contain hematite in
varying stages of exsolution lamellae. Also, ilmenite
grains do not exist as irregular blobs within
titanomagnetite. Lamellae of ilmenite are sharply tapered
(Figure 4e). Small-scale ilmenite-rich lamellae 1 to 5 pm
wide are abundant in host rock titanomagnetites.
Lamellae framework commonly develops across all the
grain, with lamellae cross-cutting at 120-60° angles,
arranged in a trellis pattern along the [111] lattice planes
in the titanomagnetite host (Figure 4a). Some broad
exsolution laths (always ilmenite) between 30 and 50 mm
wide with irregular sides cross-cut the large
titanomagnetites (Figure 4b) and terminate at edges
parallel to the titanomagnetite grain boundaries.
Euhedral titanomagnetite crystals surrounded by small
euhedral ilmenites are weakly lamellized (Figure 4c). Such
ilmenite exsolution textures suggest rapid cooling of
magmas, probably caused by the interaction between
magmas of contrasting temperature have been previously
described by a number of workers (e.g., Lindsley 1981;
Hammond & Taylor 1982; Haggerty 1991; Harlov
2000). Consequently, formation of titanomagnetite
lamellae in the host rocks is a common microtextural
feature. In contrast to the host rocks, exsolution lamellae
are always absent from titanomagnetites in MMEs
(Figure 44d).

Iron-Titanium Oxide Composition

Selected oxide compositions of representative samples are
given in Table 1. The studied titanomagnetites have
compositions between Mt Uspy, and MtgUsp,,, and the
ilmenites usually coexisting with titanomagnetite range
from IImggHmy, to limggHmy (Figure 5). The MnO and
MgO contents of titanomagnetites are low and vary from
0.01 to 0.82 wt% and 0.01 to 0.11 wt9%, respectively.
Titanomagnetites have variable AlL,O; contents
(0.03-1.53 wt%). In contrast to the titanomagnetite,
euhedral ilmenites coexisting with titanomagnetite have
high MnO contents (3.32-9.32 wt%) and low MgO
contents (0.01-0.05 wt%). The MnO concentration in
lath-shaped ilmenite is much higher than in the other
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Figure 5. Nomenculature of the studied iron-titanium oxide of host rocks and MMEs.

forms, averaging 12.43 wt%. Chemical analyses show
that the iron-titanium oxide forms in both host rocks and
MMEs are compositionally very similar (Table 1).

The most common substitution is the Ti** < Fe®* in
titanomagnetite in both host rocks and MMEs (Figure 6a,
b). The rim to rim profiles for the titanomagnetites from
the host rock and MMEs show that Ti** slowly decreases
rimward and Fe®" increases rimward (Figure 6a, b). Such
variation can be attributed to a crystallization process
that occurred at thermal equilibrium after magma
interaction in dynamic magma systems (e.g., Nakamura
1995; Devine et al. 2003).

Geothermometry and Oxygen Barometry

The Fe-Ti oxide geothermometry and oxygen barometry
are dependent on thermodynamic formulation based on a
solution model (e.g., Spencer & Lindsley 1981). The

frame of geothermometry and oxygen barometry must
also be consistent with variation in the composition of
coexisting Fe-Ti oxide minerals, namely titanomagnetite
and ilmenite. In this study, Fe-Ti oxide
geothermometry/oxygen barometry was used, based on
the exchange reaction of Fe,0, (Mt) + FeTiO; (llm) =
Fe,TiO, (Usp) + Fe,0O; (Hm), proposed by Spencer &
Lindsley (1981). We focus on geothermometric and
oxygen barometric calculations for  coexisting
titanomagnetite and ilmenite pairs from both host rocks
and MMEs for all modal compositions of the plutons. The
crystallization temperature and oxygen fugacity
estimations for the host rocks were calculated from both
titanomagnetite-ilmenite lamellae and titanomagnetite-
ilmenite crystal pairs. Those for enclaves were estimated
from adjacent titanomagnetite-ilmenite crystal pairs
because of the lack of ilmenite lamellae in the
titanomagnetite. Estimates of temperature and oxygen
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fugacity range from logfO, of -15.30 to -20.48 for host
rocks, logfo, of -15.39 to -20.80 for the MMEs and
617+6 to 758+23 °C in the host rocks, 622+6 to
735+24 °C in the MMEs, possibly indicating
crystallization temperature (Figure 7 and Table 2). The
estimates are consistent with logfO, and temperature
values estimated by Karsli (2002) using the equation of
Huebner & Sato (1970) for biotite composition and
equation of Blundy & Holland (1990) for plagioclase-
magnesio-hornblende compositions. The crystallization
temperature and oxygen fugacity for titanomagnetite-
ilmenite lamella pairs are lower than those for
titanomagnetite-ilmenite crystal pairs. A good positive
correlation has been observed between crystallization
temperature and oxygen fugacities that are obtained

from Fe-Ti oxides pairs (Figure 7). llmenite exsolution
lamellae in the titanomagnetite formation temperatures
are estimated between 651+9 and 740+21 °C by using
titanomagnetite-ilmenite lamella pairs.

Discussion and Conclusions

The titanomagnetite, including cloth-textured exsolution
lamellae with mostly tapered terminations, are common
in the host rocks of the plutons compared to ther mafic
microgranular enclaves. Titanomagnetite of the mafic
microgranular enclaves never exsolves lamellae (Figure
3d). Yet the crystallization temperature and oxygen
fugacity of the host rocks and their mafic microgranular
enclaves are very similar. The estimates given here are

1 I 1 I 1 I I
600 700 800

Mt - Usp
miscibility
gap

700 800
[ 1

F~ 1 1
900 1000

@: host rock
@®: enclave

9?0 1?00 11|oo 12|oo - 25—
1 1 1 |

Temperature (°C)

Figure 7. The plot of the investigated iron-titanium oxide on T-fO, grid for coexisting Mtss-limss pairs,

based on the solution model suggested by Spencer & Lindsley (1981). Mtss— Magnetite solid
solution, llmss— Iimenite solid solution, Hmss— Hematite solid solution.
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Table 2. The temperature and oxygen fugacity values calculated from the iron-titanium oxides.

Host rocks (Délek and Sarigicek Plutons)

Sample-Pairs Rock type-Pairs Ao Aim Temperature (°C) LogfO, (bar)
D20-1 (46-50) quartz monzonite/crystal 0.33 0.034 655 + 10 -19.51
D20-2 (47-51) quartz monzonite/crystal 0.30 0.036 649 +7 -19.53
D20-3 (53-55) quartz monzonite/crystal 0.31 0.036 651 +9 -19.52
D20-4 (56-57) quartz monzonite/crystal 0.31 0.033 642 + 8 -20.01
D20-5 (49-52) quartz monzonite/crystal 0.31 0.036 651 +9 -19.52
D12-1 (37-44) granodiorite/crystal 0.29 0.044 674 + 12 -18.45
D12-2 (38-43) granodiorite/crystal 0.29 0.045 676 + 16 -18.43
D12-3 (39-42) granodiorite/crystal 0.27 0.050 680 + 18 -17.86
D12-4 (40-45) granodiorite/(ilmenite-lamellae) 0.29 0.050 685 + 19 -17.78
Sr2-1 (22-30) granodiorite/(ilmenit-lamellae) 0.32 0.38 666 + 07 -19.18
Be-0z-1 (23-24) granodiorite/crystal 0.29 0.053 687 + 18 -17.65
Be-6z-2 (26-27) granodiorite/crystal 0.29 0.045 676 + 16 -18.43
Be-6z-3 (29-32) granodiorite/(ilmenite-lamellae) 0.30 0.038 664 + 10 -19.18
Be-6z-4 (30-31) granodiorite/crystal 0.30 0.038 664 + 10 -19.18
Is1-1 (2-3) granodiorite/crystal 0.30 0.042 670 £ 15 -18.95
Is1-2 (4-5) granodiorite/crystal 0.31 0.046 679 £17 -18.18
Is1-3 (6-5) granodiorite/(ilmenite-lamellae) 0.31 0.038 665 + 11 -19.19
Is1-4 (7-10) granodiorite/(ilmenite-lamellae) 0.32 0.038 666 + 11 -19.18
Is1-5 (12-13) granodiorite/crystal 0.31 0.046 679 = 17 -18.18
Is1-6 (11-14) granodiorite/crystal 0.32 0.041 668 + 14 -18.75
Is1-7 (15-14) granodiorite/(ilmenite-lamellae) 0.32 0.053 693 + 19 -17.38
Ed14-1 (7-8) granodiorite/(ilmenite-lamellae) 0.30 0.044 675 + 15 -18.44
Ed14-2 (9-10) granodiorite/(ilmenite-lamellae) 0.30 0.043 674 + 15 -18.45
Ed14-3 (14-15) granodiorite/crystal 0.29 0.040 658 + 10 -18.91
Sr11-1 (4-5) granite/crystal 0.30 0.037 651 +8 -19.48
Sr11-2 (6-8) granite/crystal 0.29 0.026 617+ 6 -20.48
S¢12-1 (39-36) granite/(ilmenite-lamellae) 0.32 0.072 740 + 21 -15.58
Sr20-1 (33-34) granite/crystal 0.29 0.056 698 + 20 -17.01
Sr20-2 (32-35) granite/crystal 0.29 0.062 715 + 20 -16.25
Sek5-1 (5-6) granite/(ilmenite-lamellae) 0.33 0.046 680 + 18 -17.81
Ah1-1 (23-24) granite/(ilmenite-lamellae) 0.27 0.040 651 £ 9 -19.08
Ah1-2 (25-26) granite/(ilmenite-lamellae) 0.27 0.041 653 +9 -19.01
Anh1-3 (27-28) granite/(ilmenite-lamellae) 0.27 0.041 653 +9 -19.01
E25-1 (16-18) quartz monzodiorite/crystal 0.29 0.067 722 + 20 -15.95
E25-2 (17-19) quartz monzodiorite/crystal 0.34 0.059 725 + 20 -16.30
E25-3 (27-28) quartz monzodiorite/crystal 0.29 0.058 702 + 19 -16.80
E25-4 (55-54) quartz monzodiorite/crystal 0.29 0.068 723 £ 22 -15.99
E25-5 (59-56) quartz monzodiorite/crystal 0.40 0.068 758 + 23 -15.30
E25-6 (63-64) quartz monzodiorite/(ilm-lam.) 0.29 0.038 650 +7 -19.30
E25-7 (65-66) quartz monzodiorite/(ilm-lam.) 0.29 0.062 715 + 19 -16.25
Ah2-1 (2-3) quartz monzodiorite/crystal 0.35 0.054 723 + 22 -16.52
Ah2-2 (4-5) quartz monzodiorite/crystal 0.34 0.052 709 + 19 -17.01
Ah2-3 (6-4) quartz monzodiorite/(ilm-lam.) 0.34 0.049 700 £ 19 -17.50
Anh2-4 (7-8) quartz monzodiorite/crystal 0.37 0.050 710 + 20 -17.13
Id2a-1 (7-8) quartz monzodiorite/crystal 0.30 0.040 669 + 13 -18.87
Id2a-2 (9-1 ) quartz monzodiorite/crystal 0.32 0.041 670 £ 15 -18.65
Id2a-3 (11-12) quartz monzodiorite/crystal 0.37 0.041 685 + 19 -18.29
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Host rocks (Délek and Sarigigek Plutons)

Sample-Pairs Rock name-Pairs Ao Am Temperature (°C) LogfO, (bar)
Id2a-4 (13-14) quartz monzodiorite/crystal 0.30 0.042 671 £ 15 -18.95
1d4-1 (6-9) quartz monzodiorite/crystal 0.29 0.041 670 = 15 -18.96
1d4-2 (8-9) quartz monzodiorite/crystal 0.29 0.034 644 +7 -19.81
1d4-3 (7-10) quartz monzodiorite/crystal 0.29 0.046 680 + 18 -18.39
Is4-1 (4-5) quartz monzodiorite/(ilm-lam.) 0.29 0.047 682 + 19 -18.10
Is4-2 (6-3) quartz monzodiorite/(ilm-lam.) 0.31 0.040 670 + 15 -18.70
Is4-3 (17-18) quartz monzodiorite/crystal 0.29 0.43 660 + 11 -18.77
Is4-4 (19-20) quartz monzodiorite/crystal 0.30 0.042 671 =15 -18.95
Is4-5 (21-22) quartz monzodiorite/crystal 0.34 0.042 667 + 12 -18.50
1d17-1 (1-2) quartz monzodiorite/crystal 0.29 0.035 646 + 8 -19.79
1d17-2 (3-4) quartz monzodiorite/crystal 0.29 0.043 660 + 11 -18.77
1d17-3 (9-10) quartz monzodiorite/crystal 0.29 0.033 630 £ 6 -20.25
1d17-4 (11-12) quartz monzodiorite/crystal 0.30 0.47 684 + 19 -18.27
Id11-2 (14-15) quartz monzodiorite/(ilm-lam.) 0.32 0.061 720 = 20 -16.02
Enclaves (Dolek and Sarigicek Plutons)
Sample-Pairs Rock name-Pairs Ao Aim Temperature (°C) LogfO, (bar)
1d11*-1 (9-10) monzodiorite/crystal 0.30 0.072 732 + 23 -15.80
ld11*-2 (11-12) monzodiorite/crystal 0.29 0.071 730 £ 23 -15.83
Is4*-1 (1-3) quartz diorite/crystal 0.29 0.042 672 £ 15 -18.92
Is4*-2 (2-4) quartz diorite/crystal 0.30 0.042 671 + 15 -18.95
Is4*-3 (5-8) quartz diorite/crystal 0.30 0.041 669 + 14 -18.96
Is4*-4 (6-9) quartz diorite/crystal 0.35 0.042 686 + 18 -18.27
Is4*-5 (11-9) quartz diorite/crystal 0.35 0.041 685 + 19 -18.29
Is4*-6 (10-3) quartz diorite/crystal 0.29 0.051 686 + 19 -17.75
1d17*-1 (3-4) diorite/crystal 0.29 0.047 683 + 19 -18.19
1d17*-2 (5-8) diorite/crystal 0.29 0.030 622 + 6 -20.80
Id1c*-1 (20-22) quartz monzodiorite/crystal 0.29 0.077 735 + 24 -15.39
Is1*-1 (1-4) quartz monzodiorite/crystal 0.30 0.031 630 £ 6 -20.52
Is1*-2 (2-3) quartz monzodiorite/crystal 0.31 0.036 651 +9 -19.52
Is1*-3 (5-6) quartz monzodiorite/crystal 0.33 0.042 675 + 16 -18.52
Is1*-4 (7-8) quartz monzodiorite/crystal 0.29 0.037 648 £ 9 -19.54

Note:a, = 0.5 Fe*/ 0.5Fe* + Ti** + Fe**, a

ulvo

proposed by Spencer & Lidsley (1981).

consistent with temperature and fugacity data from Aydin
et al. (2003) and Karsli et al. (2007) using amphibole-
plagioclase thermometry and biotite compositions for
oxygen fugacity. Exsolution lamellae of ilmenite in
titanomagnetite-titanomagnetite pairs have yielded about
679118 °C, the probable temperature of formation of
the exsolution lamellae and this value should reflect the
hybridization temperature and/or thermal equilibrium

=2 Fe®* Ti*/(2 Fe* +Ti"") + Fe*" + 2 Fe®*. T(°C) and LogfO, (bar) were obtained from the diagram

between the felsic and mafic magmas along with their
interaction process. Hence, felsic and mafic magma
interactions play an important role in the petrogenesis of
plutonic systems where mantle-derived mafic magma is
injected into a crustal-derived felsic magma chamber
(e.g., Wiebe 1980; Vernon 1984; Didier & Barbarin
1991; Barbarin & Didier 1992; Poli & Tommasini 1999;
Perugini & Poli 2000). Karsli et al. (2007) proposed an
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interaction model for mafic injection into the felsic
magma chamber, based on the geochemical and isotopic
properties of the plutons. In the injection model, thermal
diffusion occurs between two contrasting magmas, when
the cooler felsic magma and hotter mafic magma come
into contact (e.g., Fernandez & Barbarin 1991). The
hotter mafic magma quenches, but raises the
temperature of the felsic magma. After the thermal
exchange between felsic and mafic magmas, the felsic
magma cools. Hence, injection of hotter basic magma
periodically causes temperature fluctuation in a dynamic
felsic magma chamber (Wiebe 1980; Fernandez &
Barbarin 1991; Barbarin & Didier 1992).

As mentioned above, titanomagnetite and related
early crystallizing phases are also envisaged as being
temperature-sensitive (e.g., Price 1981; Sadiklar &
Hanedan 1997; Venezky & Rutherford 1999; Harlov
2000; Devine et al. 2003). In addition, Nakamura (1995)
explained that Fe-Ti oxide compositions were affected by
serial injection of more mafic magma into the felsic
magma chamber. Sadiklar & Hanedan (1997)
experimentally showed that exsolution textures such as
cloth-texture formed by remelting of the
titanomagnetites in the rhyolitic rocks, and that texture
indicates a compositional adjustment of titanomagnetite
at higher temperature. Devine et al. (2003) proposed
that Ti rimward diffusion in titanomagnetite is sensitive
to temperature fluctuation caused by magma interaction.
A possible cause of exsolution lamellae in titanomagnetite
in the studied granitoid systems is reheating of the
crystals, caused by injection of more mafic magma into
the felsic chamber. During this process, some early-
formed titanomagnetite crystals cannot remain stable and
then partially decompose and homogenize. Remaining
titanomagnetite then reaches equilibrium with the host
melt at higher temperatures. Thus, temperature
fluctuation can result in an exsolution texture dependent
on temperature criteria in dynamic magma system. The
lack of lamellae in titanomagnetite from the MMEs in the
studied plutons is because the mafic melt was initially
hotter than the felsic melt. Also, the similarities in
temperature and logfO, in both host rocks and MMEs
may be expected in coeval felsic and mafic magma
interaction in dynamic magma sytems (e.g., Holden et al.
1991; Elburg 1996; Perugini & Poli 2000). This is
particularly so in the studied plutons, suggesting
hybridization in their genesis and that both magmas
reached thermal equilibrium and then crystallized after
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interaction of crustal-derived more felsic and mantle-
derived more mafic magmas during crystallization of the
plutons. A Ti** rimward decrease and Fe** rimward
increase in titanomagnetites also provides supporting
evidence for magma interactions in the genesis of the
Délek and Sarigicek plutons.

Overall data and mineral chemistry characteristics
suggest a mixing model in the formation of the studied
plutons. But, in what geodynamic model do coeval
magmas occur and mix? A popular model holds that
underplating is a well-known mechanism responsible for
genesis of the hybrid plutons. In the Eastern Pontides,
Late Cretaceous volcanic arc magmatism was attributed
to northward subduction of the northern branch of
Neotethys (Sengér & Yimaz 1981; Okay & Sahintirk
1997). The collision between the Pontides and the
Anatolide-Tauride block is dated as Early Paleocene (Okay
et al. 1997). But, to mix coeval magmas derived a
lithospheric upper mantle (mafic end-member) and from
the lower crust (felsic end-member), a thermal anomaly
is needed. Upwelling of hot asthenospheric material in
response to an extensional regime results in thermal
perturbation and this thermal activity may initiate melting
of the lithospheric mantle. Then, the intrusion of hot
lithospheric mantle-derived mafic magma may induce the
melting of the lower crust. Extensive interaction between
the lower crust-derived melt and lithospheric mantle-
derived magma produced the hybrid plutons in a post-
collisional extensional tectonic setting during the Eocene
in the Eastern Pontides.
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