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Abstract: The petrogenesis and U-Pb SHRIMP zircon ages of the Late Cretaceous Sariosman pluton in the Eastern
Pontides is investigated by means of whole-rock Sr-Nd isotope data with field, petrographic and whole-rock
geochemical studies. The bulk of the I-type Sariosman pluton consists of biotite-hornblende monzogranite, with minor
quantities of porphyritic hornblende-biotite monzogranite. The biotite-hornblende monzogranite contains a number
of mafic microgranular enclaves (MMEs) of quartz monzodiorite composition. U-Pb zircon sensitive high-resolution
ion microprobe dating (SHRIMP) dates the magma emplacement age of the biotite-hornblende monzogranite at
82.7£1.5 Ma. The rocks of the pluton show high-K calc-alkaline, metaluminous to slightly peraluminous
characteristics, and are enriched in large ion lithophile elements (LILE) and light rare earth elements (LREE) relative to
high field strength elements (HFSE), thus displaying features of arc-related granitoids. Chondrite-normalised rare
earth-element (REE) patterns have concave upward shapes (La_/Lu_ = 10.1-17.4) with pronounced negative Eu
anomalies (Eu/Eu*= 0.61-0.80). Initial e, values vary between —3.0 and —4.1 and initial *’Sr/**Sr values between 0.7062
and 0.707. The MMEs are characterised by higher Mg-numbers (27-29) and lower values of both SiO, (56-58 wt%) and
aluminium saturation index (0.9-1.0), compared to the monzogranites. Fractionation of plagioclase, hornblende and
Fe-Ti oxides played an important role in the evolution of the Sariosman pluton. The crystallisation temperatures of the
melts ranged from 700 to 800 °C and a relatively shallow intrusion depth (~2 to 7 km) is estimated from the Al-in-
hornblende geobarometry. The geochemical and isotopic compositions of the Sariosman pluton suggest an origin
through dehydration melting of mafic lower crustal source rocks.

Key Words: SHRIMP dating, Sariosman pluton, mineral chemistry, I-type, Sr-Nd isotope geochemistry, eastern
Pontides

Ust Kretase Yash I-Tipi Sariosman Plutonw’nun U-Pb SHRIMP Zirkon Yaslari,
Jeokimyasal ve Sr-Nd izotopik Bilesimleri, Dogu Pontidler, Kuzeydogu Tiirkiye

Ozet: Dogu Pontidlerde Geg Kretase yash Sariosman plutonw’nun petrojenezi ve U-Pb SHRIMP zirkon yaslari, tiim
kayag Sr-Nd izotop verileri ve arazi, petrografik ve tiim kayag jeokimyasal verilerine dayanarak irdelenmistir. I-tipi
Sariosman pliitonu’nun ana kiitlesi biyotit-hornblend monzogranit ve daha az olarak da porfirik hornblend-biyotit
monzogranitten olusur. Biyotit hornblend monzogranitler az sayida kuvarsli monzodiyorit bilesimli mafik magmatik
anklavlar icerirler. U-Pb zirkon SHRIMP yontemine gore biyotit hornblend monzograniti olusturan magmanin
yerlesim yas1 82.7+£1.5 Mydir. Pliitonu olusturan kayaglar yiiksek K’lu kalk alkalen, metaliimin kismen de peraliimin
karaktere sahiptirler. Kayaglar yiiksek alan enerjili elementlere kiyasla biiytik iyon yaricapl litofil elementler ve hafif
nadir toprak elementlerce zenginlesmis olup, yay ile iligkili granitoyid ozelligi gosterirler. Kondirite gore
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normallestirilmis nadir toprak element dagilimlar1 konkav sekilli (La_/Lu,= 10.1-13.4) olup, hafif negative Eu
anomalisi (Eu/Eu*= 0.61-0.80) gosterirler. e, degerleri 3.0 ve —4.1 arasinda degisirken, 87Sr/865r(i) degerleri 0.7062 ve
0.707 arasinda degismektedir. Mafik magmatik anklavlar monzogranitlere kiyasla daha yiiksek Mg# (27-29), daha
disiik silis (56-58) ve aliminyum doygunluk indeksi (0.9-1.0) degerleri igerirler. Sariosman plutonunun gelisiminde
plajiyoklas, hornblend ve Fe-Ti oksit fraksiyonlagmasi 6nemli bir rol oynamigtir. Magmanin kristallesme sicakligi 700-
800 °C arasinda olup, Al-hornblend jeobarometresine gore intriizyon nisbeten sig bir derinlige (~2 to 7 km)
yerlesmistir. Jeokimyasal ve izotopik veriler, Sariosman plutonuw’nun kaynaginin dehydratizasyona ugramig mafik alt

kabuk kayaglari olabilecegini gostermektedir.

Anahtar Sozciikler: SHRIMP yas, Sariosman pliitonu, mineral kimyast, I-tipi, Sr-Nd izotop jeokimyasi, dogu Pontidler

Introduction

I-type, calc-alkaline plutonic rocks are common in
many different convergent tectonic settings and
include subduction-related and collisional magmatic
suites. They are characterised by a large
compositional diversity arising from different source
compositions, variable melting conditions, fractional
crystallisation (FC) and crustal contamination, in
addition to the complex chemical and physical
interactions between mafic and felsic magmas
(DePaolo 1981; Zorpi et al. 1991; Roberts & Clemens
1993; Thompson & Connolly 1995; Galan et al. 1996;
Altherr et al. 2000; Altherr & Siebel 2002). Because
there is a link between the mineralogy, geochemistry
and  geodynamic  setting of  granitoids,
compositionally well-characterised granitoids of
known age may constrain the evolution and
development of the continental crust through
geological time (Barbarin 1999).

The Alpine-Himalayan orogenic belt embraces
various arc, collisional, and post-collisional
geological settings; in addition, magmatic rocks were
generated in each of these settings. In this belt,
Turkey, as a zone of interaction between Eurasia and
Gondwanaland plates, lies in an important
geodynamic position. The Pontide unit (Ketin 1966)
of Turkey includes various intrusive and eruptive
rocks that constitute the widespread eastern Pontide
terrane: many of these are related to the convergence
of these two plates (Figure 1a).

The eastern Pontides represent a well-preserved
arc system (Tokel 1977; Egin et al. 1979; Manetti et
al. 1983; Gedik et al. 1992; Camur et al. 1996; Yilmaz
& Boztug 1996; Boztug et al. 2003), resulting from
the subduction of the Neotethyan oceanic crust
beneath the Eurasian plate during the Senonian.
Closure of the Neotethyan Ocean caused a collision
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between the Pontide arc and the Tauride-Anatolide
platform in the Palaeocene-Early Eocene, and this
collision continued until the middle Eocene (Yilmaz
& Boztug 1996; Yilmaz et al. 1997; Okay & Sahintiirk
1997).

The contemporary geological setting of the
eastern Pontides is mainly the result of three main
Neotethyan volcanic cycles during the Jurassic, Late
Cretaceous and Eocene (Adamia et al. 1977; Egin et
al. 1979; Kazmin et al. 1986; Korkmaz et al. 1995;
Camur et al. 1996; Arslan et al. 1997, 2000). The
intrusive rocks were formed in different geodynamic
environments and emplaced at various crustal levels
(Boztug et al. 2003, 2006). Crystallisation ages of
these intrusives range from Permo-Carbonifeous
(Cogulu 1975) through Cretaceous-Palaeocene
(Delaloye et al. 1972; Giles 1974; Taner 1977;
Gedikoglu 1978; Moore et al. 1980; Jica 1986; Okay &
Sahintiirk 1997; Yilmaz et al. 2000; Kopriibas: et al.
2000; Yilmaz-$ahin 2005; Boztug et al. 2006; Dokuz
et al. 2006; Boztug 2008; lbeyli 2008; Kaygusuz et al.
2008; Kaygusuz & Aydingakir 2009) to Eocene
(Boztug et al. 2003, 2004; Arslan et al. 2004; Karsl et
al. 2004; Topuz et al. 2005; Yilmaz-Sahin 2005)
periods (Figure 1b). The compositions of the plutons
range from low-K tholeiitic through high-K calc-
alkaline metaluminous-peraluminous granites to
alkaline syenites (Yilmaz & Boztug 1996; Boztug et
al. 2003). The emplacements of these plutons also
occurred in a wide spectrum of tectonic settings,
ranging from arc-collisional through syn-collisional
to postcollisional (Yilmaz & Boztug 1996; Okay &
Sahintiirk 1997; Yilmaz et al. 1997; Yegingil et al.
2002; Boztug et al. 2003; Arslan & Aslan 2005). In the
Torul region of the Eastern Pontides, arc-related
magmatism developed under a compressional
regime and is characterised by the predominance of
calc-alkaline granitoids.
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Figure 1. (a) Simplified map showing the main granitoid distribution in the eastern Pontides (modified from Gedik et al. 1992

and Giiven 1993); (b) Tectonic map of Turkey and surroundings (modified after $engér et al. 2003); and (c) Major
structures of the eastern Pontides (modified from Eyiiboglu et al. 2007). NAFZ- North-Anatolian fault zone; EAFZ-
East-Anatolian fault zone; Grd- granodiorite; Gr- granite; Qd- quartz diorite; Qmz- quartz monzonite; Mnzd-

monzodiorite; Sg— syenogranite.

Most of the previous studies in the Eastern
Pontides dealt with the general characteristics of the
granites within the overall framework of the
geological evolution of the region. However, research
on the various other aspects of granitoid rocks
(namely, age, origin, source and tectonic setting) is
rather scarce. The present article focuses mainly on
the arc-related granitoids in the eastern Pontides and
the interpretation of these granitoids based on their
ages, magma sources and geodynamic settings.
Before this study, knowledge about the age of the
Sariosman intrusions was uncertain, and no
geochronological age of this intrusion is currently

available. This article reports new petrographic,
geochemical, Sr-Nd isotopic and sensitive high-
resolution ion microprobe (SHRIMP) zircon data, in
addition to field observations and mineral chemistry
from the Sariosman pluton in the eastern Pontide
magmatic arc.

Geological Setting

The eastern Pontides are commonly subdivided into
a northern zone and a southern zone, based on the
differences between structural and lithological
features (Figure 1c) (Akin 1978; Gedikoglu 1978;

551



LATE CRETACEOUS SARIOSMAN PLUTON, NE TURKEY

Ozsayar et al. 1981; Okay & Sahintiirk 1997). Late
Cretaceous and Middle Eocene volcanic and
volcaniclastic rocks dominate the Northern Zone,
whereas pre-Late Cretaceous rocks are widely
prevalent in the Southern Zone. The basement of the
eastern Pontides consists of metamorphic sequences
of varying metamorphic grades and is intruded by
granitoids of Permian age (Yilmaz 1972; Cogulu
1975; Okay & Sahintiirk 1997; Topuz 2002).
Volcanic, volcano-sedimentary rocks and local
sediments of Liassic-Dogger age (Agar 1977;
Robinson et al. 1995) lie unconformably on the
basement. These rocks are overlain conformably by
Middle and Late Jurassic and Cretaceous carbonates.
Some plutonic rocks were emplaced between the
Jurassic and Palaeocene periods (Okay & Sahintiirk
1997; Yilmaz et al. 1997). Subduction-related arc
magmatism is recorded by the Senonian submarine
volcano-sedimentary units and associated plutonic
rocks (Figure 1). Eocene rocks, mainly volcanics and
rarely volcanoclastics and sediments, unconformably
overlie the Late Cretaceous series (Guven 1993). The
Eocene-Neogene volcanic rocks are calc-alkaline to
alkaline in composition, although there are
lithological and chemical variations between the
rocks exposed in the Northern Zone relative to those
exposed in the Southern Zone (Arslan et al. 1997,
2000; Sen et al. 1998). Several granitoids belonging to
this magmatic episode intrude the Eocene volcanic
and volcaniclastic rocks (Cogulu 1975; Moore et al.
1980; Arslan et al. 1999). After the end of the Middle
Eocene, the region remained largely above sea level,
with  minor volcanism and terrigeneous
sedimentation continuing until the present (Okay &
Sahintiirk 1997).

The Sariosman pluton is an elliptical body
covering an area of approximately 20 km” with its
long axis extending NE-SW. The pluton is located
within the northern zone of the eastern Pontides
about 15 km north of Giimiishane (Kaygusuz & Sen
1998) (Figure 2). The country rocks around the
pluton consist of Late Cretaceous basic and acidic
volcanic rocks interbedded with sedimentary strata.
Field observations show that the Sariosman pluton
cuts early Cretaceous formations and is itself cut by
approximately 5- to 10-m-thick dacitic and 5- to 35-
cm-thick aplitic dykes (Kaygusuz 2000).
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The Sariosman pluton can be subdivided into two
units, (1) a dominant biotite-hornblende
monzogranite unit and (2) a younger small stock of
porphyritic hornblende-biotite monzogranite, which
intrudes the hornblende-biotite monzogranites and
forms a small outcrop at the centre of the elliptically
shaped pluton (Figure 2). Pink to pinkish grey
biotite-hornblende monzogranites, that constitute
~90% of the mass volume of the pluton, are medium-
grained. The pinkish grey porphyritic hornblende-
biotite monzogranites are fine- to medium-grained
and feldspar phyric. The internal contacts between
all these rocks are gradational. In the eastern part of
the intrusion, a number of mafic microgranular
enclaves (MMEs) with ellipsoidal shapes (up to 10
cm in diameter) occur. Their contacts with the host
biotite-hornblende monzogranites vary from sharp
to gradational.

Analytical Methods

50 rock samples were collected from the Sariosman
intrusion. The modal mineralogy of 25 samples was
determined by point counting with a Swift automatic
counter fitted to a polarising microscope. On each
thin section, a total of 1300-1500 points were
counted and the modes were normalised to 100%
(Table 1).

Based on these microscopic studies, 20 of the
freshest and most representative rock samples were
selected for whole-rock major-element, trace-
element and rare earth-element (REE) analyses.
Major and trace elements were determined by
inductively coupled plasma (ICP)-emission
spectrometry and ICP-mass spectrometry at ACME
Analytical Laboratories Ltd., Vancouver (Canada),
using standard techniques. Major and trace elements
were analysed by ICP using 0.2 g of rock powder
fused with 1.5 g LiBO, and dissolved in 100 ml of 5%
HNO,. Loss on ignition was determined on dried
samples heated to a temperature of 1000 °C. REE
analyses were carried out by ICP-MS at ACME.
Detection limits ranged from 0.01 to 0.1 wt% for the
major oxides, 0.1 to 10 ppm for the trace elements,
and 0.01 to 0.5 ppm for REEs.

Mineral analyses of the samples were conducted
at the University of New Brunswick Electron
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Microprobe Laboratory (Canada) with a JEOL JSM-
6400 scanning electron microscope, equipped with a
Link eXL energy-dispersive analyser and a single-
wavelength dispersive channel. X-ray analyses were
carried out at an acceleration potential of 15 kV
under sample currents of 2.5 nA, using a live time of
100 s for energy-dispersive data acquisition. Data
were reduced with the Link ZAF procedure using a
combination of mineral (orthoclase-K, albite-Na,
hornblende-Al, olivine-Mg, pyroxene-Si, K, Ca and
metals such as Fe and Ti) standards. The analytical

Location and geological map of the study area (modified from Kaygusuz 2000).

results are presented in Tables 2, 3 & 4. Detection
limits are generally about 0.1 wt%.

Zircons were set in an epoxy mount, polished to
expose the grain centres and vacuum-coated with a
500-nm layer of high-purity gold. U-Pb dating of
zircon was carried out at the Beijing SHRIMP
Laboratory following the analytical procedures
described by Williams (1998). Uranium, Th and Pb
abundances were measured based on the standard
Sri Lankan zircon SL13, with U= 238 ppm and t= 572
Ma. Lead ratios were corrected for common Pb using
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Table 1. General petrographic features of the various rock types from the Sariosman intrusions.

Rock Unit Biotite hornblende Porphyritic hornblende MME
monzogranite biotite monzogranite (Qtz monzodiorite)
(n=13) (n=7) (n=5)
Texture Hypidiomorphic Hypidiomorphic— Hypidiomorphic—
porphyritic allotriomorphic
Grain Size Medium Fine to medium Fine
Modal Min (%) Min-max Min-max Min-max
Plagioclase 30-40 24-34 60-63
K-Feldspar 25-36 36-41 12-15
Quartz 17-28 22-29 10-13
Hornblende 3-8 1-3 5-8
Biotite 1-3 3-5 1-2
Mineral Chemistry
Plg (An%) 29-43 21-40 35-46
K-Feld (Or%) 71-90 90-97 -
Bt (Mg#) 0.65-0.66 0.67-0.68 0.70-0.72
Bt - TiO, (wt%) 0.02-0.10 0.04-0.07 0.05-0.18
Hbl (Mg#) 0.65-0.88 0.97-1.0 0.82-0.83
Accessory titanite, apatite, zircon, titanite, apatite, apatite, zircon,
Phases epidote, opaques zircon, epidote, opaques epidote, opaques
Secondary Minerals sericite, carbonate, sericite, chlorite, sericite, chlorite,

chlorite, clay minerals

clay minerals

clay minerals

n- sample number, Min- minimum values, max— maximum values, Qtz- quartz, Bt- biotite, Hbl- hornblende, Plg- plagioclase,

K-feld- K-feldspar, MME- mafic microgranular enclaves

the measured nonradiogenic **Pb. The SQUID 1.0
and ISOPLOT softwares of Ludwig (2003) were used
for data processing. Regarding the Mesozoic age of
the Sariosman pluton, the *“Pb/**U age is
considered the most precise age, because low count
rates of ”’Pb result in large statistical uncertainties in
the *”Pb/*"U and the *Pb/**Pb ages.

Nd-Sr isotopic analyses were conducted at the
Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing. Samples were
dissolved in acid (HF + HCIO,) in sealed Savillex
beakers on a hot plate for one week. Separation of Rb,
Sr and light REEs was achieved through a cation-
exchange column (packed with BioRad AG 50W-X8
resin). Sm and Nd were further purified using a
second cation-exchange column that was
conditioned and eluted with diluted HCl. Mass
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analyses were conducted using a multicollector
VG354 mass spectrometer as described by Qiao
(1988). ¥Sr/**Sr and 'Nd/"“*Nd ratios were
corrected for mass fractionation relative to *Sr/**Sr=
0.1194 and "*Nd/"**Nd= 0.7219, respectively. Finally,
the ¥Sr/*Sr ratios were adjusted to the NBS-987 Sr
standard = 0.710250, and the "*Nd/"*Nd ratios, to
the La Jolla Nd standard = 0.511860. The uncertainty
in concentration analyses by isotopic dilution is 2%
for Rb, 0.5% for Sr, and 0.2-0.5% for Sm and Nd
depending upon concentration levels. Procedural
blanks are: Rb= 80 pg, Sr= 300 pg, Sm= 50 pg and
Nd= 50-100 pg. Detailed explanation of sample
preparation, errors and analytical precision is
provided in Zhang et al. (2002).
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Results
Petrography

The petrographic characteristics of the Sariosman
pluton are presented in Table 1. The rocks plot in the
monzogranite field and have a calc-alkaline trend
(Lameyre & Bowden 1982) in the quartz-alkali
feldspar-plagioclase (QAP) modal classification
(Streckeisen 1976) diagram (Figure 3).

Rock samples from the pluton are generally
holocrystalline, fine- to medium-grained, porphyric,
poikilitic, and myrmekitic, rarely micrographic,
(Figure 4A-C) in texture. In the centre of the pluton,
medium-grained textures predominate, whereas
towards the contacts with the volcanic country rocks,
the granitoids become finer-grained. Porphyritic
textures, with K-feldspar (up to 3.5 mm) and
plagioclase (up to 2.5 mm) phenocrysts set in a finer-
grained matrix of plagioclase, K-feldspar, quartz,
hornblende, biotite and Fe-Ti oxides, are generally
displayed by the porphyritic hornblende-biotite
monzogranites.  Aplites have a  granular
allotriomorphic texture. The major rock-forming
mineral assemblage of the intrusion is K-feldspar,
plagioclase, quartz, hornblende, biotite and minor
tremolite-actinolite. Titanite, allanite, apatite, zircon,
epidote and opaque minerals are accessory phases.
Secondary minerals comprise chlorite, calcite,
sericite and clay minerals.

Plagioclase forms subhedral to anhedral,
normally and reversely zoned prismatic and lath-
shaped crystals. Grain sizes range from 0.3 mm for
inclusions to 2 mm for larger crystals, some of which
may poikilitically contain small plagioclase,
hornblende and biotite inclusions. Myrmekitic
textures were observed at grain boundaries between
plagioclase and orthoclase. Some large plagioclase
crystals are altered to sericite and clay minerals.
Quartz is anhedral and generally shows undulose
extinction. Its grain size decreases in the contact
zones between the different rock types. K-feldspar
forms anhedral, rarely subhedral, crystals of perthitic
orthoclase. Phenocrysts (up to 3.5 mm) were
generally observed in the porphyritic hornblende-
biotite monzogranites (Figure 4B, C) to poikilitically
enclose abundant inclusions of plagioclase, biotite,
hornblende and opaque minerals (Figure 4B).
Hornblende occurs as euhedral to subhedral tabular,

3a:Syenogranite
3b:Monzogranite
4:Granodiorite

5:Tonalite

8*:Quartz monzonite
9*:Quartz monzodiorite/gabbro
10*:Quartz diorite/gabbro
9:Monzodiorite/gabbro
10:Diorite/gabbro/gabbroic dior.

%
®

Figure 3. Classification based on modal compositions of the

Sariosman intrusions (Streckeisen 1976). Arrows
show typical differentiation trends (after Lameyre &
Bowden 1982) for various magmatic series: tholeiitic
(1), K,O-poor calc-alkaline (2), intermediate K,O
content calc-alkaline (3), K,O-rich calc-alkaline (4),
alkaline (5).

prismatic and acicular crystals, which are abundant
in the biotite-hornblende monzogranite. Towards
the intrusion margins, hornblende is increasingly
altered to chlorite, calcite and actinolite. Some large
hornblende crystals (up to 2.5 mm) may contain
small biotite and plagioclase inclusions (Figure 4E).
Reddish-brown biotite is euhedral or subhedral and
forms prismatic crystals and lamellae. It is abundant
in the porphyritic hornblende-biotite
monzogranites. In some samples, biotite is altered
into chlorite, epidote and opaque minerals along the
cleavage planes. Some biotite crystals have poikilitic
textures, in which large plagioclase crystals (up to 2.5
mm) may contain small crystals of plagioclase and
opaque minerals. Titanite forms euhedral and
subhedral crystals in all rock types. Allanite occurs as
euhedral, reddish crystals. Needle-like crystals of
apatite are mainly found in plagioclase. Zircon was
observed as short euhedral and prismatic crystals
within all rock types.

MMEs have a quartz monzodioritic composition
(Figure 3), and are texturally and mineralogically
similar to their host biotite-hornblende
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Figure 4.

Micrographs showing certain textural features of the Sariosman intrusions and associated rocks:

(A) graphic texture; (B) poikilitic texture in K-feldspar, in which some large K-feldspar may
contain small plagioclase, hornblende and biotite crystals; (C) K-feldspar megacrysts; (D)
plagioclase and opaque mineral inclusions in large biotite crystals; (E) small plagioclase and
opaque mineral inclusions in large hornblende crystals; (F) large K-feldspar crystals at the
contact region of MMEs and host rocks. Pl- plagioclase, Kf- K-feldspar, Bi- biotite, Hb-
hornblende, Q- quartz, Op- opaque minerals.

monzogranites (Table 1). They mineralogically
contain plagioclase, K-feldspar, quartz, hornblende
and biotite as major constituents, and apatite, zircon
and opaque minerals as the accessory phases. The
MMEs  contain  higher  proportions  of
ferromagnesian phases and plagioclase and lower
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proportions of quartz and K-feldspar compared to
the host rocks. Plagioclase is subhedral and has
albite-law twinning. Hornblende is the most
abundant mafic mineral in the MMEs, and biotite is
abundant at the contact regions between the enclave
and host rock.
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Dacitic dykes are porphyritic, with phenocrysts of
plagioclase, biotite and hornblende (0.3-2.0 mm) in
a fine-grained matrix of quartz, plagioclase,
hornblende, biotite, orthoclase, Fe-Ti oxide and
apatite. Biotite phenocrysts often contain relatively
large inclusions of plagioclase and opaque minerals.
Hornblende forms needles and is largely altered to
chlorite and calcite. Aplitic dykes consist of quartz,
orthoclase, plagioclase and minor biotite, apatite,
zircon and titanite. Some of these dykes are
composite, with quartz-rich inner zones.

Mineral Chemistry

Plagioclase- Compositions of plagioclase crystals
from biotite-hornblende monzogranites, porphyritic
hornblende-biotite monzogranites and MMEs are
provided in Table 2. A narrow range of oligoclase to
andesine (An,, to An,) can be found. The
composition is andesine (An,, to An,,) in biotite-
hornblende monzogranites and oligoclase-andesine
(An,, to An,) in hornblende-biotite monzogranites
(Figure 5; Table 2). The MMEs have more calcic
plagioclase (An,, to An,) than the host biotite-
hornblende  monzogranites. The anorthite
component decreases from the margin to the centre
of the intrusion. Normally zoned plagioclases have
~An,; in the cores and ~An, at the rims (Table 2).

M
Ab 10 ] 50 \ =0

K-albite Na-sanidine Sanidine Orthoclase

Microcline

Figure 5. Chemical compositions of plagioclase and K-

feldspar from the Sariosman intrusions.

K-feldspar- Compositions of K-feldspar from all
rock types are presented in Table 3. Its composition
is characterised by a variation in orthoclase content,
ranging from Or,, to Or,, (Figure 5; Table 3). The
composition ranges from Or,, to Or,, in biotite-
hornblende monzogranites and Or,, to Or,, in
porphyritic hornblende-biotite monzogranites
(Figure 5, Table 3).

Hornblende- Hornblende is the most common
ferromagnesian mineral in all rock types. The results
of representative analysis are shown in Table 4. Its
composition varies from Mg-hornblende through
actinolitic hornblende to tremolitic hornblende of
the calcic group (Leake et al. 1997) (Figure 6). In the
biotite-hornblende monzogranites, Mg-hornblende
and actinolitic hornblende occur, whereas Mg-
hornblende and tremolitic hornblende are found
mainly in the porphyritic hornblende-biotite
monzogranites. MME amphiboles can be classified
as Mg-hornblende (Figure 6). The Mg-number of the
amphiboles ((Mg# = atomic ratios of Mg/(Mg + Fe),
where Fe is total iron) varies between 0.65 and 1.0
(Table 4). The MMEs have intermediate Mg-
numbers (0.82-0.83) compared to the other rock
types. An increasing Mg/Mg+Fe’" ratio with
increasing Si per formula unit of hornblendes can be
observed in all rock types.

Biotite- The results of representative biotite analyses
are provided in Table 4. The biotite of all rock types
and MMEs is Fe-rich (Fe’'/(Fe’*+Mg)= 0.28-0.35;
Figure 7a; Table 4); although some biotites are
transitional to Mg-biotite (Figure 7a). They are rich
in TiO, and MgO and plot within the calc-alkaline
field in the MgO-FeOQ'-AL O, diagram (Nachit et al.
1985) (Figure 7b). The Mg-number varies between
0.65 and 0.68 in all rock types and between 0.70-0.72
in the MMEs (Table 4).

Thermobarometry

The Sariosman intrusions contain the critical
mineral assemblage of [K-feldspar + quartz +
plagioclase + hornblende + biotite + apatite + zircon
+ titanite + Fe-Ti oxide] for application in the Al-in-
hornblende barometer (Hammastrom & Zen 1986;
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Table 3. Microprobe analysis of K-feldspar from the Sariosman intrusions.

Rock K-feldspar
types

Biotite hornblende monzogranite Porphyritic hbl-bi monzogranite
Samples A20-1  A30-1 A30-2 A4-1 A4-2 A4-3 A21-1 A30-1 A21-1 A21-2
Sio, 64.58 65.56 65.99 65.75 64.88 64.08 64.62 64.66 64.85 63.84
TiO, 0.03 0.04 0.00 0.05 0.08 0.06 0.02 0.00 0.01 0.04
AlLO, 17.89 18.19 18.45 18.46 18.12 18.20 18.24 17.99 17.74 17.73
FeO" 0.04 0.04 0.11 0.05 0.07 0.07 0.10 0.04 0.11 0.03
MgO 0.01 0.01 0.00 0.02 0.01 0.00 0.01 0.00 0.02 0.01
CaO 0.08 0.12 0.18 0.19 0.11 0.08 0.18 0.10 0.11 0.01
Na,O 1.12 2.01 3.37 2.51 2.01 2.46 3.05 0.57 1.16 0.33
K,0 16.08 14.64 12.79 13.52 13.86 13.12 12.71 16.40 15.90 16.91
Total 99.8 100.6 100.9 100.4 99.1 98.1 98.9 99.7 99.9 98.8
Si 3.00 3.00 2.99 3.00 3.00 2.99 2.99 3.00 3.01 3.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.98 0.98 0.99 0.99 0.99 1.00 1.00 0.98 0.97 0.98
Fe™ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00
Na 0.10 0.18 0.30 0.22 0.18 0.22 0.27 0.05 0.10 0.03
K 0.95 0.85 0.74 0.79 0.82 0.78 0.75 0.97 0.94 1.01
An 0.38 0.59 0.84 0.90 0.53 0.39 0.86 0.47 0.50 0.06
Ab 9.57 17.17 28.35 21.78 17.98 22.10 26.46 4.95 9.95 2.87
Or 90.05 82.24 70.81 77.31 81.49 77.51 72.68 94.58 89.54 97.18

Structural formula on the basis of 8 oxygen atoms

FeO'" is total iron as FeO, MME- mafic microgranular enclaves, hbl- hornblende, bi- biotite

Anderson & Smith 1995; Hollister et al. 1987) and
hornblende-plagioclase thermometer (Blundy &
Holland 1990). Great care has been taken to measure
the rims of the crystals in equilibrium to estimate the
approximate P-T values. Although the cores and
rims of the amphiboles show no significant
difference in Al content, the rim composition of the
amphibole in contact with interstitial quartz and/or

orthoclase has been used for the calculation
representing the late stage (near-solidus)
crystallisation of the magma. The results are shown
in Table 5. Accordingly, the pressures obtained from
the rocks of the pluton range from 0.2 to 2.3 kbar,
and the temperatures from 717 to 814 °C. These
values correspond to shallow-level emplacement
depths between ~ 2 and 7 km.

559



LATE CRETACEOUS SARIOSMAN PLUTON, NE TURKEY

auerdozuour -§us QYLIOTPOZUOW -Ipzuns “z)yrenb -210) 9IN0Iq -1q OPUIqUIOY -[qyf ‘SIALOUDS Te[nUBISOIIW dIJet -FATJA ‘O] S UOII [€30) ST 021

uadAxo ¢z Jo siseq 2} UO B[NULIOJ [BINJONIIS

€8°0 80 00°T 00°T L6'0 L8O 80 88°0 S9°0 690 S9°0  ¥L0 #3N
8C°0 0€0 (40 €€°0 Se0 Se0 ¥€0 m§+~um\%m 61°0 ST°0 10°0 000 000  CI'0 01°0 60°0 000 000 1000 000 p
L0 00 89°0 £9°0 S9°0 S9°0 99°0 #3N S¥°0 Se0 000 000 1000 L£0 €€°0 €€°0 000 000 10°0 10°0 BN
€00 10°0 000 000 000 10°0 000 p! 98T €6'1 €e'C See STt €81 (40! 08T ¥l Ly'1 €1 €91 D
10°0 10°0 10°0 10°0 000 000 10°0 BN 6T se'e LE°E 1T¢ (443 we LE°E (453 ¥I'e  ¥0'¢ 8T'¢  00°¢ SN
200 200 00 10°0 200 00 10°0 D 650 120 000 000 110 090 ¥9°0 90 991 8¢'T (7} SO'T weod
8Ty  8I'F 88°¢ 16'¢ 98°¢ 88°¢ ¥8°¢ S 650 120 000 000 110 090 ¥9°0 90 991 8¢'T (7} SO'T wod
L9°T €81 81 96°T L0°C 60°C ¥6'1 wod 170 000 61°0 LT°0 ST°0 110 60°0 01°0 €ro  Tro 000 620 oV
1T°e se'e e 6¢°¢ LT€ €e'e 6T°¢ v 'l 8T'T 18°0 L0 080 10°T 16°0 €8°0 680 €40 080 990 SV
10°0 200 000 10°0 000 10°0 10°0 LL ST°0 (480 10°0 00 00 €10 S0°0 cro L0°0 STO LT0  TT0 LL
L9°S s 129 09°s LS°S 6¥'S €9°¢ I 99 9.9 61°L 8TL 0L 669 60°L LT'L ST'L  LTL €L ¥eL 1S
1T°¢6  70°¢6 6€C6 6¥V'T6 T6T6 LTC6  VLE6 [e30L, 1926 S€76 €I¥6  9€T6  6€T6 9FL6  0L96 €086 0996 [L8€E€6 VLS6 V6T6 [eloL,
81°0 €00 €00 200 200 €00 200 o 10T 6L°0 €00 200 1000 490 990 050 1000 €00 €00 000 o
¥0°0 ¥0°0 00 200 10°0 000 200 0N 891 61°T 000 200 00 el LT'T 611 1000 000 200 <00 OeNl
¥1°0 1o €10 800 01°0 ST°0 800 (0L0) 81T 00°CT LYYT €TPT L€l 8LTT  SLTT 9L'1T 896 ¢€F'6 66 66 (0L0)
61°0C 8961 1181  €I'8T ¥#6Z1 %081  TT1°81 OSIN  8¢€1 8671 ¢0'sT  T0%T  00°ST  C6FI T9GT  LS'ST  LOST ¥%O¥PT  90°ST  00FI OSIN
90F%1 8TSI eSSt ¥TOT  OT'ZT  6CTLT  8T91 10°d 0071  L9°CTI LOTT €11 PO'IT  #LCI  8TTI  9T'CI  6I%I 86°€Cl IS¥T LT€T 10°d
LS'8T 6861 1061 1661 6161 0961 €961 OV 596 £99 w9's 88'F (4% LS9 L8°S ST w's €67 8LV 196G OV
S00 81°0 ¥0°0 L0°0 200 01°0 L0°0 ‘oL w1 0T 11°0 ¥1°0 S0 6I'T 70 9Tl €90  9¢'T 09T ST'T ‘oL
L86E  L6LE vL6e  F0'8¢  G998E  L0BE  996¢€ ‘OIS 99FF  00'Sh  T8LF  S¢LV IULF LTSY 106F  PI0S  60°1S  010S  SE0S  SO'IS ‘ors
(44 AN a4 ¢-1eV  T-1TV T-0eV  T1-0€V  1-0CV sojdureg ¥V 1%V TITV T-1CV 1-06V €7V TRV 1-¥V  C-0¢V 1-0¢V  C-0CV 1-0TV sajdureg
pzuW z)9) Swr 1q-1q sadfy pzuw z)9) sadfy
TANN onudydiog Sw 1qu-org ooy ANIN 8w 01q-1qy onuikydioq a)ueIS0ZUOW APUI[qUIOY A1OIY 3oy
amorg apud[quIoH

"SUOISNIJUT URTUSOLIRS () WIOIJ 91101 PUL dpUI[qUIOT Jo sasA[eue 2qoIdoIdry “F d[qe],

560



A.KAYGUSUZ ET AL.
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Figure 6. Composition and classification (Leake et al. 1997) of
hornblendes from the Sariosman intrusions.

U-Pb SHRIMP Zircon Ages

Single zircons from a hornblende-biotite
monzogranite sample of the Sariosman pluton were
analysed by the SHRIMP dating technique; the
results are summarised in Table 6 and in the
Concordia diagram of Figure 8. Zircons are
colourless to light yellow, long prismatic and
perfectly euhedral. Most analyses yield concordant
age data. Twelve spot analyses have yielded **Pb/**U
ages ranging from 78 to 87 Ma, with a weighted
mean value of 82.7+1.5 Ma (mean square weighted
deviate = 1.4) (Table 6; Figure 8). In determining the
Mesozoic age of the Sariosman pluton, the **Pb/**U
age is considered the most precise age, because low
count rates of “’Pb result in large statistical
uncertainties in the “’Pb/**U and the *’Pb/***Pb
ages.

Whole-rock Geochemistry

Major and trace element chemical analyses of
representative samples from the Sariosman pluton,
including that of the REEs, are detailed in Table 7. In
the classification diagram of Debon & Le Fort
(1982), the samples plot in the monzogranite field
and their MMEs plot in the quartz monzodiorite and
quartz monzonite fields (Figure 9). Applying the
granite classification scheme of Frost et al. (2001), all
samples can be classified as magnesian in the
FeO'/(FeO" + MgO) - SiO, diagram (Figure 10a)

Siderophillite Annite
1
09 | a
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2 06
+
@ 05
o 04 ao
03 *° -0
02t
01t
O 1 1
5 55 6 6.5
Eastonite Siv Phlogopite
MgO
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C: subduction related
calc-alkaline magmas
P: collisional
peraluminous magmas
c b
A
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Feo*‘\\\\‘\\\\‘\\\\‘\\\\‘A]ZQ
0 25 50 75 100

Figure 7. (a) (Fe/Fe+Mg) vs. si'v diagram and (b) FeO-Al,O,-
MgO ternary diagram (Abdel-Rahman 1994) for
biotites from the Sariosman intrusions.

and as calc-alkaline in the modified alkali index vs
SiO, diagram (Figure 10b). The MME:s plot in the
alkali-calcic field of this diagram (Figure 10b).
According to Frost et al. (2001), Cordilleran-type
granitoids tend to be lower in Na,0+K,0-CaO,
similar to the Sariosman samples, whereas the
Caledonian post-collisional plutons are included
largely in the high Na,0+K,0-CaO field (Figure
10b). On an Rb-Sr-Ba ternary diagram (Tarney &
Jones 1994), the samples plot in the field of high Ba-
Sr granitoids (Figure 11); they specify calc-alkaline
trends on a Na-Ca-K (Figure 12a) and Al-Fe-Mg
(AFM) ternary diagrams (Figure 12b).
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Table 5. Pressure (kbar)- and temperature (°C)-range estimates from the Sariosman intrusions.

Rock type Al (pfu) Pl (Ab) P (kbar)® P (kbar)’ P (kbar)® T (°C)*
Bi-hb-mg

A20 0.95 54.52 0.86 0.60 1.52 717
A30 0.98 56.09 0.99 0.75 1.64 771
A4 0.93 61.99 0.78 0.51 1.44 776
A4 1.00 57.01 1.12 0.89 1.76 786
A4 1.12 68.56 1.72 1.56 2.33 814
Hb-bi-mg

A30 0.96 68.61 0.90 0.64 1.55 772
A21 0.88 57.30 0.53 0.23 1.20 742
A21 1.00 72.16 1.09 0.86 1.73 772
MME

A4 1.18 53.10 2.02 1.90 2.61 851
A4 1.67 51.16 4.46 4.64 4.92 864

Al (pfu)- aluminium per formula, Pl (Ab)- albite content in plagioclase, MME- mafic microgranular enclaves, Bi- biotite,

Hb- hornblende, mg— monzogranite

The biotite-hornblende monzogranites and
porphyritic hornblende-biotite monzogranites span
a narrow compositional range, with SiO, between 66
and 70 wt%, whereas the MMEs have SiO, between
56 and 58 wt% (Table 7, Figure 13). All the rock types
are metaluminous to slightly peraluminous, with
aluminium saturation index (ASI) [molar
ALO,/(CaO + Na,O + K,0)] values ranging from
0.88 to 1.06, and are of the I-type character (Figure
13a). The MMEs have ASI values of 0.86-1.06,
similar to those of their host rocks. All samples are
subalkaline and belong to the high-K calc-alkaline
series (Figure 13b). Harker plots of selected major
and trace elements (Figure 13) show systematic
variations in element concentration. The rocks
define a variation trend without a compositional gap,
whereas such a gap exists between the MMEs and the
intrusive rock types. CaO, MgO, ALO,, Fe,0,, TiO,,
P,O,, Ba and Sr contents decrease with increasing
SiO, content, whereas K,O, Rb, Pb, Th and Nb
increase: Na,O and Zr are nearly constant (Figure
6b-r). The MMEs have the lowest K,O, Ba and Th
concentrations (Figure 13b, k & o).

Primitive mantle-normalised (Sun &
McDonough 1989) element-concentration diagrams
are shown in Figure 14a-c. All rocks show
enrichment of large-ion lithophile elements (LILE)
and depletion of high-field strength elements
(HFSE). The depletion in HFSE is best expressed by
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negative Nb and Ta anomalies. In addition, negative
P and Ti anomalies are found in all rock types
(Figure 14a-c). The biotite-hornblende
monzogranites and porphyritic hornblende-biotite
monzogranites have positive Pb anomalies.

Chondrite-normalised (Taylor & McLennan
1985) REE patterns of all rock types have concave
upward profiles (La_/Lu = 10.1-17.4) and are
characterised by negative Eu anomalies (Eu/Eu*=
0.61-0.80) (Figure 15a-c, Table 8). The MMEs
display a larger range of Eu anomalies (Eu/Eu*=
0.58-0.88), extending to values lower than those in
the other rock types, indicating plagioclase
fractionation.

Isotope Geochemistry

Rb-Sr and Sm-Nd isotopic data are listed in Table 9
and plotted in Figure 16a-c. Initial Nd-Sr isotopic
compositions were calculated using an age of 82 Ma,
based on the results of zircon U-Pb dating. The
pluton samples have relatively homogeneous isotopic
compositions. Biotite-hornblende monzogranites
show a small range of Sr-Nd values (initial *'Sr/**Sr=
0.7062 to 0.7064; ey ,= -3.0 to -3.2). The
porphyritic hornblende-biotite monzogranites are
displaced towards slightly higher initial *Sr/*Sr
ratios (0.7063 and 0.7070) and lower g, values (-
3.2 to —4.1) compared to the other samples. The Nd
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Figure 8. Concordia diagram showing SHRIMP analyses of
zircon from a monzogranite (sample A-30) of the
Sariosman pluton.
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Figure 9. Chemical nomenclature diagram (Debon & Le Fort
1982) for samples from the Sariosman pluton. See
Figure 3 for explanation.

model ages (Tp,,) of all samples are in the range of
0.92-0.99 Ga.

All samples plot on the extension of the mantle
array (Figure 16a), pointing towards the field of the
lower continental crust, but far away from the field
for the upper continental crust (UCC). Sample A40
(from porphyritic hornblende-biotite
monzogranite), which plots to the right of the mantle
array, may have been slightly contaminated by UCC
during magma ascent.

564

1.0
a

. 09 Femoan
% 08
S

07 F
&
o 06 f Magnesian
2

05 F

04 1 1 1 1 1

50 55 60 65 70 75 80
SiO; (Wt%)
12 - —
Caledonian post-collisional plutons _ b

) .
3

4
>
5o
s
Z

-4 Cordilleran granitoids

8 1 1 1

50 55 60 70 75 80

6
Si0» (Wi%)
Figure 10. (a) FeO'/(FeO'+MgO) vs SiO, (wt%) diagram and

(b) (Na,0+K,0-CaO) vs SiO, (wt%) diagram (Frost
et al. 2001). See Figure 3 for explanation.

Discussion
Petrogenetic Considerations

Petrogenetic models for the origin of subduction-
related magmas are grouped into two broad
categories: (1) they are interpreted to be derived
from basaltic parent magmas by FC or assimilation
and fractional crystallisation (AFC) processes
(Bacon & Druitt 1988) or (2) they are regarded as
products of lower crustal dehydration melting of
mafic to intermediate metaigneous (Rapp & Watson
1995; Singh & Johannes 1996) or metasedimentary
(Patifnio Douce & Beard 1996; Stevens et al. 1997)
sources. The first model is thought unlikely, because
the bulk of subduction-related volcanic and intrusive
rocks is felsic rather than basaltic in the study area.

The Sariosman intrusions consist of abundant
felsic magmas (SiO,= 66-70 wt%; Mg#= 19-27,
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Rb

Low Ba-Sr granites

High Ba-Sr granites

Adakites

Sr Ba

Figure 11. Sr-Rb-Ba plot (Tarney & Jones 1994) for samples
from the Sariosman intrusions. See Figure 3 for
explanation.

Table 7) and it is improbable that all these melts were
generated by fractionation of mantle-derived mafic
magmas. In the study area and adjacent regions, the
rock compositions do not represent a fractionation
sequence from basalt to monzogranite. If there was a
single mafic magma source from which the felsic
rocks were solidified through the FC process, the
chondrite-normalised REE pattern of the felsic rocks
should show a strong fractionation between the light
and heavy REEs, with a pronounced negative Eu
anomaly. These characteristics are not observed in
the felsic rocks of the Sariosman pluton. A derivation
of the Sariosman intrusive from mafic magmas
through AFC processes can also be excluded because
all rocks show little variation in their initial Sr-Nd
isotope ratios with SiO, (Figure 16b, c); larger
isotopic variability would be expected if such a
process had taken place.

Partial melting of lower crustal metabasalts yields
a variety of granitoids, whose compositions are
controlled by the amount of H,O (Tepper et al.
1993). Experimental studies have shown that
amphibolites start to melt at relatively high
temperatures (800 to 900 °C) and at pressures < 1
GPa under anhydrous conditions, whereas
dehydration melting commences at temperatures as
low as 750 °C at ~1 GPa (Wyllie & Wolf 1993; Wolf &
Wyllie 1994; Lopéz & Castro 2001). The specific melt

(FeO™)
F

Tholeiitic

*

*
Calc-alkaline

&

A M
(NapO+K,0) (MgO)

Figure 12. (a) Na-Ca-K ternary diagram and (b) AFM diagram
(Irvine & Baragar 1971) showing tholeiitic to calc-
alkaline trend for samples from the Sariosman
intrusions. See Figure 3 for explanation.

composition resulting from the partial melting of the
mafic lower crust is controlled by the water content,
source composition, degree and the P-T conditions
of the melting (Rapp et al. 1991; Sen & Dunn 1994;
Wolf & Wyllie 1994; Rapp & Watson 1995; Winther
1996; Lopéz & Castro 2001). Using data obtained
from partial-melting experiments on common
crustal rocks, Roberts & Clemens (1993) stated that
high-K, I-type, calc-alkaline granitoid magmas can
be derived from partial melting of hydrous, calc-
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Figure 13. Variation diagrams of SiO, (wt%) versus major oxides (wt%) and trace elements
(ppm) for samples from the Sariosman intrusions. (a) ASI vs SiO,, with field
boundaries between I-type and S-type, according to Chappell & White (1974) and
peraluminous and metaluminous fields of Shand (1947). (b) K,O vs SiO, diagram
with field boundaries between medium-K, high-K and shoshonitic series according
to Peccerillo & Taylor (1976). ASI (aluminium saturation index) = molar
Al0,/(Na,0+K,0+Ca0). See Figure 3 for explanation.
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Figure 14. Primitive mantle-normalised trace-element patterns (normalising values from Sun & McDonough 1989)
for samples from the Sariosman intrusions. See Figure 3 for explanation.

alkaline mafic to intermediate metamorphic rocks.
Recent experimental data have also shown that
partial melting of the mafic lower crust can generate
melts of metaluminous granitic composition and
that the melt composition is largely independent of
the degree of partial melting (Rushmer 1991; Tepper
et al. 1993; Roberts & Clemens 1993; Wolf & Wyllie
1994; Rapp & Watson 1995).

The MMEs in the eastern part of the Sariosman
pluton suggest limited mingling between small
volumes of monzodioritic magma and coexisting
monzogranitic magma. MMEs and host granitoids
assemblages,
compositions and strong correlations between major

show similar mineral mineral

and trace elements, although the concentration
ranges of major and trace elements are different
within each rock type. Oscillatory-zoned
plagioclases, coexistence of two types of plagioclase
phenocrysts, poikilitic textures (Figure 4b, d and e),
acicular hornblende, biotite and apatite, and K-
feldspar megacrysts in mafic microgranular enclaves
(Barbarin 1988; Lesher 1990; Hibbard 1991; Baxter &
Feely 2002) possibly record the mixing of coexisting
mafic and felsic magmas. Because the original
compositions of the enclaves (former globules of
mafic melt) were probably modified by interaction
with the felsic host magma, a more thorough
discussion of the genesis of the microgranular
enclaves is beyond the scope of this study.
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Figure 15. Chondrite normalised rare earth-element patterns (normalising values from Taylor & McLennan 1985)
for samples from the Sariosman intrusions. See Figure 3 for explanation.

FC Process in Evolution

In variation diagrams (Figures 14 & 15), CaO, MgO,
Fe,0,, AL,O,;, TiO,, P,O, Sr and Y increase, whereas
K,O and Rb decrease with increasing silica, which is
compatible with their evolution through FC
processes in the Sariosman samples. This is well
supported by the depletion in Sr, Ba, P and Eu
(Figure 14). Negative Eu anomalies (Figure 15)
require fractionation of plagioclase and/or K-
feldspar. Fractionation of feldspar would also result
in depletion of Ba and Sr. Negative Eu anomalies and
a decrease of Sr with increasing silica (Figure 13m)
establish that plagioclase was an important
fractionating phase. The rocks show similar REE
patterns, with a general increase of both the light and
the heavy REE with increasing SiO, (Figure 15). The
magnitude of the negative chondrite-normalised Eu

570

anomalies increases with increasing SiO, contents,
suggesting fractionation of plagioclase for both sub-
intrusions. Depletion in P results from removal of
apatite during FC. The increase of K,O and Rb with
increasing silica indicates that K-feldspar and biotite
are not early fractionation phases. This is in
accordance with the late appearance of both minerals
in the crystallisation sequence. All the variation
trends of the major and trace elements bear evidence
that fractionation of plagioclase, hornblende, apatite
and titanite occurred during the formation of the
Sariosman intrusions.

Source Rocks of the Sariosman Intrusion

The geochemical features of the Sariosman
intrusions (i.e. depletion of Nb, Ba, Sr and Ti;
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Figure 16. (a) ey values vs 87Sr/gﬁSr(i) ratio; (b) and (c) 87Sr/86Sr(i) and ey, vs SiO, respectively. ey, and
87Sr/868r(i) values are calculated for an age of 82 Ma. See Figure 3 for explanation.

enrichment of K, Rb, Th, Pb and LREEs) are
compatible with those of typical crustal melts, such
as the granitoids of the Lachlan Fold belt (Chappell
& White 1992). Several experimental studies (Wolf &
Wyllie 1994; Rapp & Watson 1995) have shown that
extremely high temperatures in excess of ~1100 °C
are needed to produce mafic metaluminous low-
silica (~58 wt%) melts by dehydration melting of
metabasic crustal rocks. Compositional diversity
among the crustal magmas may arise, in part, from
different source compositions: nevertheless,
variations of intrinsic parameters, such as
temperature, pressure, oxygen fugacity, or water
content during partial melting also play an equally
important role (Beard et al. 1994; Wolf & Wyllie
1994; Patifio Douce & Beard 1996; Thompson 1996;
Stevens et al. 1997; Altherr et al. 2000). These
parameters control the degree of partial melting and

the stability fields of the residual mineral phases
(plagioclase, biotite, hornblende, orthopyroxene and
garnet) that buffer the resultant melt composition.
Compositional differences of magmas produced by
partial melting of different source rocks, such as
amphibolites, tonalitic gneisses, metagreywackes and
metapelites, under variable melting conditions, may
be visualised in terms of molar oxide ratios.
Dehydration melting of metapelites and
metagreywackes (Rapp et al. 1991; Rapp 1995; Rapp
& Watson 1995) yields higher values for Mg#,
K,0/Na,0, (Na,0+K,0)/(FeO'+MgO+TiO,) and
AL,0,/(FeO'+MgO+ TiO,) and lower
CaO+FeO'+MgO+TiO, values, compared to the
investigated rocks (Figure 17). The chemical
compositions of the Sariosman intrusions are thus
broadly compatible with an origin by dehydration
melting from mafic lower crustal rocks.
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Figure 17. Chemical composition of the Sariosman intrusions: Outlined fields denote compositions of partial melts
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Emplacement and Tectonic Implications

The Sariosman intrusions comprise the elliptical
pluton, and the contacts between the Sariosman
intrusions and the country rocks are dominantly
sharp and discordant. The contact facies are finer-
grained, and the textures are massive, porphyritic
and granophyric. The intrusion contains abundant
country-rock xenoliths near the margin. All these
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features show that the Sariosman pluton was
emplaced at shallow crustal depth either by a stoping
type of ascent or by ballooning.

Gedikoglu (1978) has proved that subduction-
related fracture tectonics played an important role
during the emplacement of the granitoids within the
Pontide magmatic arc. The long axes of most granitic
plutons are usually aligned with the major NE-SW
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or NW-SE tectonic directions, which correspond to
the two main fracture alignments in the Eastern
Pontides defined by Bektas & Capkinoglu (1997).
They suggest the important role of fractures during
pluton emplacement. It therefore appears probable
that the Sariosman intrusions were emplaced along a
NE-SW-trending fracture line during the Late
Cretaceous.

The Sariosman intrusions comprise high-K, calc-
alkaline rocks, enriched in LILE (Rb, Ba and K) and
depleted in the HFSE (Nb and Ti), and introduce
significant positive Pb anomalies (Figures 13-15).
Magmas with these chemical features are generally
believed to be generated in subduction-related
environments (Floyd & Winchester 1975; Rogers &
Hawkesworth 1989; Sajona et al. 1996).

In a FeOT/MgO - (Zr+Nb+Ce+Y) tectonic-
discrimination diagram (Whalen et al. 1987), all the
samples are grouped within the I-type granite field
(Figure 18a). The (Zr+Nb+Ce+Y) - (K,0+Na,O)/
CaO diagram (not shown here) yields the same
results. Applying the discrimination criteria of
Pearce et al. (1984), all samples plot in the fields of
volcanic-arc granites (VAG) and syncollisional
granites in the Nb-Y diagram (Figure 18b), whereas
in the Rb-(Y+Nb) diagram, the samples plot in the
VAG field (Figure 18c). Difficulties exist in
discriminating between collisional and arc-type
granitoids (Brown et al. 1984; Pearce et al. 1984). Rb—
Hf-Ta ratios of granitoids are used to separate
collision-zone from arc setting magmatism (Harris et
al. 1986). The Rb/30-Hf-Ta*3 ternary diagram of
Harris et al. (1986) provides a better distinction
between volcanic-arc granites and pre-syn-late
collisional granites. The Sariosman samples plot in
the VAG field of this diagram (Figure 18d). In the
Rb/Zr-§i0, and Ta-Nb diagrams (Harris et al. 1986)
(not shown here), the Sariosman intrusions share
similar characteristics with volcanic-arc granitoids.

Brown et al. (1984) established that the
abundances of incompatible elements in granites can
be correlated with the degree of arc maturity.
Increasing Nb and Y content with increasing Rb/Zr
ratios is in accordance with the arc maturity, from
primitive to mature. A comparison of the Sariosman
intrusion with the arc-type granitoids is presented on
a Nb-Rb/Zr diagram (Figure 18e). All rock types

from the pluton plot in the normal arc fields (Figure
18e). On the Sr/Y-Y diagram (Figure 18f), all
samples plot in the low Sr/Y and high Y areas, similar
to samples from modern island-arcs. The (La/YDb)_ -
Yb, diagram (not shown) yields the same results.

Volcanic-arc granitoids, related to the subduction
of Neotethys, occur in other parts of the Pontide belt
(Arslan et al. 2004; Karshi et al. 2004; Boztug et al.
2004; Yilmaz-$ahin 2005; Boztug 2008; Hbeyli 2008;
Kaygusuz et al. 2008; Kaygusuz & Aydingakir 2009)
and further east along the Neotethyan belt: a similar
history of intra-oceanic accretion and later marginal-
arc magmatism of Cretaceous age is recorded in the
Kohistan-Karakorum-Himalayas area (Crawford &
Searle 1992; Debon et al. 1987; Petterson & Windley
1985; Rolland et al. 2002).

Conclusions

The Sariosman pluton, containing biotite-
hornblende monzogranite and minor porphyritic
hornblende-biotite monzogranite, is considered a
part of the Late Cretaceous arc-related igneous
activity at an active continental margin. U-Pb
SHRIMP zircon dating of biotite-hornblende
monzogranite yielded an emplacement age of
82.7+1.5 Ma.

The Sariosman pluton has subalkaline affinity
and belongs to the high-K, calc-alkaline and I-type
character group. The intrusions display concave
upward chondrite-normalised REE patterns with
pronounced negative Eu anomalies. All rock types of
the pluton show a small range of Sr-Nd values (initial
¥Sr/*Sr= from 0.7062 to 0.707; &y(,= from ~3.0 to -
4.1). All these characteristics, combined with the low
values of K,0/Na,O, Mg-number and ratios of
ALO./(FeO"+MgO+Ti0,) and (Na,0+K,0)/(FeO"+
MgO+TiO,), suggest an origin by dehydration
melting from a metabasaltic lower crustal source.

The regional, geological and tectonic settings
confirm that the Sariosman pluton was emplaced in
an arc-related geodynamic regime during
subduction of the Neotethyan Ocean beneath the
Eurasian plate along the Izmir-Ankara-Erzincan
suture zone in Late Cretaceous times.
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