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ARTICLE INFO ABSTRACT

Keywords: The Egrikar Fe-Cu skarn type mineralization is located approximately 100 km NW of Giimiishane in NE Turkey.
Fe—Cu skarn Geochemical analyses of diorite, which is thought to cause skarn, indicate medium K calc-alkaline (1.3 to ~2.3 wt
Fluid iﬂd‘USion % K,0), metaluminous to peraluminous (A/CNK = 0.76 to 1.13) and resembles a continental arc granite. The age
Geochemistry of U-Pb zircon obtained from diorite is 42.3 *+ 1.0 Ma, which reflects the age of skarn metasomatism after in-

Stable isotope
Turkey
U-Pb zircon age

trusion into Late Cretaceous sandy carbonates. Skarn formation zones are recognized as endo- and exoskarn. The
endoskarn zone mainly consists of pyroxene with hedenbergite (Dis 31-2814Hds0.29-80.82J05.0-35.55) at prograde
stage. Mn content of pyroxene increases a slight from endo to exoskarn. Pyroxene is replaced by epidote and
hornblende at the retrograde stage. The exoskarn zone comprises garnet with andradite (Adg;.99Gro1_07) and
grossular-andradite (Ad44.05Gros_s4), epidote and quartz as silicate minerals, and magnetite and hematite as ore
minerals. Magnetite is the abundant ore mineral and is accompanied by chalcopyrite and minor pyrite at retro-
grade stage.

On the basis of fluid inclusion values of minerals, the temperature range for hedenbergite in endo-exoskarn is
350 °C-425 °C, for epidote in exoskarn is 365 °C-376 °C, and for quartz in exoskarn 200 °C-380 °C. NaCl
equivalent salinity for hedenbergite 6.88-10.73 wt% and for quartz is 3.9-15.38 wt. The 8'®0 values of he-
denbergite is 4.1 to 4.7%o and for garnet 3.4%o at prograde stage, for epidote 7.9-9.2%o, for magnetite 1 to
4.4%o, for hematite — 2.9 to — 1.6%o and for quartz range between 8.5%o and 15.2%o. The 8'80 value of epidote
suggests that oxygen is a magmatic fluid whereas hedenbergite, garnet, quartz and magnetite show the mixing of
magmatic and meteoric fluids. In addition, the C isotope values (— 3.2 to 2.8%o) of calcite and marble in Egrikar
Fe-Cu skarn reflect those of metamorphic, and skarns. Based on oxygen isotope data from mineral pairs, the
retrograde skarn formation is characterized by epidote-magnetite assemblage formed at 255 °C-438 °C. Fluid
oxygen isotope compositions of magnetite and epidote pairs of the exoskarn skarn zone indicate a mixing of
magmatic and meteoric fluids with narrow §'®0 values between 7.17%o and 8.9%o. The 8>S values of the pyrites
exhibit a narrow range of 3%o and 4.4%o, thereby indicating that sulfur were probably leached from magmatic
rocks.

Based on the field and laboratory observation, mineral chemistries, fluid inclusion studies and isotope
composition analysis, it is suggested that the Egrikar Fe-Cu skarn mineralization occurs in a magmatic origin
fluids being initially under reduced conditions, subsequently under oxidized conditions, and at shallow depth.

1. Introduction 2006, 2009). Plutonic rocks (specifically Late Cretaceous and Eo-
cene) in the region caused the formation of skarn deposits in car-
The Eastern Black Sea Region of NE Turkey is a well-known bonate rocks (Fig. 1). Sarac (2003) and Sarac¢ and Van (2005) ex-

metallogenic province (Pejatovi¢, 1971; Aslaner et al., 1995) that amined that the geochemical characteristics of granitoids related to
contains numerous skarn, porphyry, and vein-type deposits related the formation of skarn deposits in Cambasi-Kabadiiz (Ordu), Dereli
to Eocene or Late Cretaceous volcano-plutonic systems (Yigit, (Giresun), Ozdil (Trabzon), Arpal1 (Trabzon), Ogene (Trabzon), and
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Fig. 1. a) Tectonic map of Turkey (modified after Sengor et al., 2003) and b) Simplified geological map showing the various granitoids and skarn deposits distributions in the eastern
Black Sea region (modified after MTA, 2002). 1. Kartiba, 2. Ogene, 3. Ozdil, 4. Camibogazi-Arnastal, 5. Dereli, 6. Gambas1, 7. Sekii, 8. Donguldere, 9. ikizdere, 10. Ovit Dag1, 11.
Dokumacilar, 12.Gikacor, 13. Demirkdy, 14. Ispir-Ulutas, 15. Giizelyayla, 16. Emeksen, 17. ilbeyli.

Kartiba (Rize) Fe Skarn deposits exhibit I-type, calc-alkaline, and
metaluminous to peraluminous transitional properties of arc gran-
itoids. The Arnastal Fe skarn and Camibogazi skarn in Giimiishane
were formed under oxidized conditions as a result of contact pyr-
ometasomatic activities related to I-type, high K calc-alkaline, and
metaluminous Late Cretaceous granitoid (Sipahi, 2011). Skarn de-
posits have been studied in the Giimiishane area by Takaoglu et al.
(1978), Cekic et al. (1985) and Er and Serdar (1992). The Egrikar
Fe-Cu mineralization is located at approximately 100 km NW of
Giimiishane in the Eastern Black Sea Region of Turkey and an old
mine. In unknown date, Egrikar mine produces iron ore. The MTA
(Mineral Research and Exploration General Directorate of Turkey)
estimated grades of 9.29%-47.78% Fe and 0.14%-11.26% Cu
(Cekic et al., 1985). Er and Serdar (1992) determined that Egrikar
mineralization covers an area of 700 m X 300 m and includes
pyrite, magnetite, and chalcopyrite, with mean grades of 0.8% Cu.

In the Egrikar area of the Gilimiishane in the Eastern Black Sea
Region of NE Turkey, arc-related magmatism developed under a com-
pressional regime and is characterized by the predominance of calc-
alkaline granitoids (Sipahi et al., 2016). Prior to the present research,
knowledge about the geochronological age, petrography, litho-
geochemistry, mineral chemistry, and isotopic composition of the
Egrikar Fe—Cu skarn mineralization is not known. In the present study,
the geology, lithogeochemistry, mineral chemistry, fluid inclusion, and
O-H-C-S isotopic characteristics of the Egrikar Fe-Cu skarn miner-
alization are described in detail. This study aims to describe the geo-
logical and geochemical aspects of the Egrikar Fe-Cu skarn miner-
alization in terms of mineral chemistry, paragenesis, geochemistry
(analysis of whole rock, trace element, and rare earth element (REE) in
rocks), stable isotopes (§'%0, 8'3C, 8D, and §*S), and U-Pb zircon age
isotope of diorite. These data are used to examine the formation of
Egrikar Fe—Cu skarn mineralization.

2. Regional geology

The study area is located in the Eastern Black Sea region of NE
Turkey; the Eastern Black Sea region is developing as a continental
magmatic arc, block-faulted tectonic formation with subduction
involved in the settlement of granitic plutons from the
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Carboniferous to the Eocene periods during subduction of the
Tethyan oceanic crust (Gedikoglu, 1979; Sengor and Yilmaz, 1981).
Late Jurassic granitoids are commented as the products of an arc-
continent collision event, in response to closure of the Paleotethys
during the middle Jurassic and the accretion of the Sakarya block to
Laurasia in the north (Sengor and Yilmaz, 1981; Yilmaz et al., 1997;
Dokuz et al., 2010). During the Late Cretaceous, arc-type volcanics
and intrusive rocks were emplaced into the Eastern Pontide crust in
response to northward subduction of the Neotethyan oceanic crust
beneath the Eurasian plate (Sengor and Yilmaz, 1981; Okay and
Sahintiirk, 1997; Yilmaz et al., 1997; Okay and Tiiysiiz, 1999;
Sengor et al.,, 2003; Topuz et al., 2007; Altherr et al., 2008;
Ustadomer and Robertson, 2010). Late Cretaceous arc type volcanic
rocks mainly belong to the tholeiitic and calc-alkaline series, which
display typical island arc characteristics (Camur et al., 1996; Arslan
et al., 1997; Sipahi and Sadiklar, 2014; Sipahi et al., 2014). The
Paleocene time in the region shows to a continent-continent colli-
sion between the Pontides magmatic arc and the Tauride-Anatolide
block due to the closure of the Neotethys (Okay and Sahintiirk,
1997; Boztug et al., 2004). It is proposed a Paleocene to early Eo-
cene collision, causing crustal thickening (Sengér and Yilmaz,
1981; Okay and Sahintiirk, 1997). The collision occurring in the
late Paleocene to early Eocene based on field relationships and
granitoid ages were suggested by Okay et al. (1997). Early Eocene
adakitic rocks, have been reported in the region showing a syn- to
post-collision phase (Topuz et al., 2005; Eyiiboglu et al., 2011). The
Middle Eocene time includes a large belt of E-W trending volcanic
(Tokel, 1977; Sen et al., 1998) and granitoid rocks (Yilmaz and
Boztug, 1996; Boztug et al., 2004) towards Iran and the Caucasus.
The Middle Eocene volcanic and volcanoclastic rocks are intruded
by calc-alkaline granitoids of similar ages (Arslan and Aslan, 2006).

Numerous researchers (e.g., Moore et al., 1980; Aslaner et al.,
1995; Sipahi and Sadiklar, 2010; Sipahi, 2011; Akaryali, 2016;
Akaryali and Akbulut, 2016) investigated ore deposits of Gii-
miishane area at the Eastern Black Sea Region. However, studies on
granitoids (Egrikar Monzogranite and Erik Granitoid) and Fe-Cu
skarn mineralization in Egrikar area are limited and primarily fo-
cused mines, including general geological research (Cekic et al.,
1985; Er and Serdar, 1992; Giiven, 1993; Yilmaz, 2016). This study
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Fig. 2. The geological map of the Egrikar Fe-Cu skarn mineralization.

and limestone in the Egrikar area. In addition, this article reports
geochemical and U-Pb zircon ages from the Egrikar Monzogranite
(80.5 + 1.7 Ma) and Erik Granitoid (42.3 + 1.0 Ma) in the Egrikar

explains the formation of the Egrikar Fe-Cu skarn mineralization
with mineral chemistry, fluid inclusion, stable (O-, H-, C- and S-)
isotope composition properties and lithogeochemistries of granitoid
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Fig. 3. The textures of the Erik Granitoid. a) Granular texture in the granodiorite (sample number: E-139) and b) Hornblende and plagioclase in diorite (sample number: E-120A), Pl:

Plagioclase, Hbl: Hornblende, Qz: Quartz, Ep: Epidote.

area. The basement of the study area is made up of a Campanian
Egrikar Monzogranite. The basement rocks are overlain by the Late
Cretaceous aged volcano-sedimentary units consist of dacite and
their pyroclastics, including sandy limestone, limestone strata, and
hornblende andesite in the study area (Fig. 2). The age of the
limestone has been accepted as Middle-Upper Maastrichtian based
on paleontological (Rosita contusa (Cushman), Gansserina gansseri
(Bolli), Globotruncana cf. bulloides Vogler, Globotruncanita cf. conica
(White) and Globotruncana ventricosa (White)) evidence. The calc-
alkaline I-type Erik Granitoid, consisting of granodiorite and
diorite, is observed into sourthern east part of the Egrikar area in
the Eastern Pontides and cause the Egrikar Fe-Cu skarn miner-
alization into the Late Cretaceous volcano-sedimentary unit during
the Middle Eocene time. Egrikar (Giimiishane, NE Turkey) Fe-Cu
skarn mineralization developed at the Middle-Upper Maastrichtian
aged limestone.

3. Methodology
3.1. Whole-rock geochemical analyses

Twenty samples were obtained from granitoids in the Egrikar.
The modal mineralogies of these samples were determined through
point counting using a Swift automatic counter fitted to a polarizing
microscope in Giimiishane University, Department of Geological
Engineering. Based on microscopic studies, 12 fresh (or least al-
tered) and more representative samples were selected for analysis
of major, trace, and REE in the commercial ACME Laboratories, Ltd.
(Vancouver, Canada). Major elements were identified by in-
ductively coupled plasma-atomic emission spectrometry after fu-
sion with LiBO,. About 0.2 g of the sample powder and 1.5 g of
LiBO, flux were mixed in a graphite crucible and heated to 1050 °C
for 15 min for analysis of trace elements and REE. The detection
limits were set within 0.01 wt%-0.1 wt% for major oxides,
0.1-10 ppm for trace elements, and 0.01-0.5 ppm for REEs.

3.2. U-Pb zircon age dating analyses

U-Pb zircon age dating was performed using LA-ICP-MS at the
Geologic Laboratory Center, China University of Geosciences
(Beijing, China). Zircon grains for U-Pb dating were extracted using
heavy liquid and magnetic separation and then purified by hand
picking under a binocular microscope. The selected grains were
mounted on an epoxy resin and polished half-way.
Cathodoluminescence images were used to examine the zoning and
internal structures of individual zircon grains and to select a better
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spot for analytical positions. A quadrupole ICP-MS apparatus
(Agilent 7500a) was connected to UP-193 solid-state laser (193 nm,
New Wave Research Inc.) with an automatic positioning system.
Laser spot size, energy density, and repetition rate were set to ap-
proximately 36 um, 8.5 J/cm?, and 10 Hz, respectively. The ablated
material was transferred into ICP-MS equipment by a high-purity
He gas stream with a flux of 0.8 L/min. The U-Pb isotopic fractio-
nation effects were corrected using zircon 91,500 (Wiedenbeck
et al., 1995) as external standard. The zircon standard TEMORA
(417 Ma, Black et al., 2003) was also used as a secondary standard
to monitor the deviation of age measurement/calculation. A total of
10 analyses of TEMORA showed the apparent °°Pb/>33U ages of
417-418 Ma. The isotopic ratios and elemental concentrations of
zircon were calculated using GLITTER software (ver. 4.4, Mac-
quarie University). Uncertainties on age data are given as 1 sigma
level. Concordia ages and diagrams were prepared using Isoplot/Ex
(3.0) (Ludwig, 2003). Common lead was corrected following the
method of Andersen (2002).

3.3. Mineral chemistry analyses

Compositions of skarn minerals were determined using a
Cameca SX-100 electron microprobe with three wavelength dis-
persive spectrometers at the New Mexico Institute of Mining and
Technology (Socorro, New Mexico, USA). Spot analyses were con-
ducted under operating conditions of 15 kV accelerating voltage,
beam current of 20 nA, and beam diameter of 10 pm. The samples
were examined using backscattered electron imagery and quanti-
tatively analyzed. Kaersutite (UCB), diopside (UCB), orthoclase
(UCB), and magnetite (UCB) were used as standard reference ma-
terials.

3.4. Fluid inclusion analyses

Fluid inclusion measurements were carried out using double po-
lished thick sections at the Central Research Laboratory of Giimiishane
University (Turkey). The investigations were conducted at — 196 °C to
600 °C, with a measurement accuracy of + 0.2 °C within + 200 °C to
— 20 °C; beyond this range, the accuracy was *+ 1.5-2 °C.

3.5. Stable isotope analyses

Oxygen, hydrogen, carbon, and sulfur isotopes were analyzed at
the Queen's Facility for Isotope Research (QFIR, Canada).
Hedenbergite, garnet and magnetite were analyzed for 8'%0 value,
amphibole and epidote for 8'%0 and 8D values, calcite for §'C and
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Table 1
Whole-rock analyses of the Erik Granitoid and carbonate rocks from Egrikar Fe-Cu skarn
mineralization.

Sample Erik Granitoid Limestone Crystallized Marble
number limestone

Granodiorite Diorite

E-139 E-120A E-138C E52 E126 E29
SiO, 65.77 52.04 57.67 20.69 14.12 40.92
TiO, 0.34 0.64 0.57 0.02 0.02 0.28
Al,O3 15.47 15.91 17.46 3.53 2.35 7.71
Fe,03, 4.08 8.04 6.62 0.49 0.32 3.55
MnO 0.08 0.17 0.08 0.04 0.03 0.12
MgO 1.98 7.78 3.05 0.79 0.50 2.03
CaO 2.65 7.55 5.58 39.40 44.65 23.50
NaO 3.87 3.47 3.03 0.49 0.05 0.45
K20 2.27 1.30 2.32 0.84 0.69 1.28
P05 0.12 0.11 0.18 <0.01 0.01 0.14
Cr,03 0.003 0.042 0.005 <0.002 <0.002 0.003
LOI 3.20 2.70 3.10 33.60 37.10 19.90
Total 99.77 99.75 99.68 99.89 99.88 99.86
Tot. C 0.22 0.07 0.04 8.72 10.27 4.85
Tot. S <0.02 <0.02 <0.02 <0.02 0.03 0.13
Ba 1014 640 634 172 167 270
Sc 10 30 16 <1 <1 8
Be 3 2 5 <1 <1 1
Co 9.3 29.7 14.2 0.7 1.1 4.2
Cs 0.5 <0.1 0.4 0.3 0.3 1.2
Ga 12.7 17.1 15 2.6 1.9 7.1
Hf 2.3 1.9 2.4 0.7 0.5 2.2
Nb 4 2.7 3.7 2 1.1 4.3
Rb 42.7 28.6 65.6 28.1 19.8 40.8
Sn <1 <1 <1 <1 <1 1
Sr 267.1 606.6 645.6 519.7 611.4 317.4
Ta 0.3 <0.1 0.3 0.2 0.2 0.3
Th 8.8 2.4 5.5 5.2 2.9 6.9
U 2.6 0.4 2 1.4 1.3 2.1
A 86 213 181 <8 <8 107
w 0.8 <0.5 1.4 <0.5 <0.5 1.2
Zr 81.9 69.4 84.4 18.7 14.9 83
Y 9.5 17.7 15.7 5.9 3.6 12.1
Mo 3.5 1.7 2.7 1.1 0.7 1
Cu 7.2 3.8 544.7 2.2 5.7 14.9
Pb 5.9 0.7 3.7 12.6 54.3 31.4
Zn 21.0 20 35.0 4 30 33
Ni 10.7 52.9 11.4 0.5 1.6 10.8
As 0.6 1.1 0.9 1 0.8 4.8
Ccd <0.1 <0.1 0.1 <0.1 0.2 <0.1
Au <0.5 <0.5 0.9 0.5 <0.5 1.1
La 21.8 12.3 21.2 8.5 6.9 16.7
Ce 36.5 22.0 39.5 14.9 10.3 29.9
Pr 3.78 2.70 4.46 1.56 1.11 3.27
Nd 13.4 11.9 16.1 5.6 3.7 12.3
Sm 2.66 2.89 3.14 0.83 0.66 2.23
Eu 0.74 0.87 1.02 0.14 0.13 0.47
Gd 2.3 3.04 3.17 0.87 0.58 2.34
Tb 0.31 0.49 0.52 0.13 0.09 0.36
Dy 1.89 2.78 2.81 0.92 0.51 2.12
Ho 0.39 0.56 0.57 0.17 0.08 0.43
Er 1.03 1.74 1.72 0.54 0.27 1.30
Tm 0.19 0.25 0.26 0.09 0.05 0.20
Yb 1.2 1.58 1.74 0.59 0.29 1.31
Lu 0.21 0.24 0.26 0.09 0.05 0.19

8'80 values, and pyrite for 83*S value. All results were calibrated to
certified reference materials reported in standard per mil notation
(%0) and relative to the following international standards (VSMOW
for §°H, VSMOW for §'80, VPDB for 8'C, and VCDT for §3%S).
Accuracy reported (1.5%o for 82H, 0.5%o for 880, 0.1%o for §'3C,
and 0.2%o for 83*S) per mil notation (%o) is based on primary or
secondary standard analyses.
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4. Results
4.1. Petrography and geochemistry of Erik Granitoid

Erik Granitoid observing in SE of the Egrikar area with medium
granular texture is composed of plagioclase (Ansg 4g), hornblende, or-
thoclase, quartz, biotite, epidote, and opaque minerals (Fig. 3). Zircon
occurs as an accessory mineral.

Erik Granitoid contains 52 wt%—-65 wt% SiO, and 15 wt%-17 wt%
Al,05 (Table 1). The rock is classified as medium-K calc-alkaline (from
1.3 wt% to ~2.3 wt% K,0) and peraluminous to metaluminous (A/
CNK [molecular Al,05/(CaO + K,0 + Nay0)] is 0.76-1.13) (Sipahi
et al., 2016; Fig. 4).

Erik Granitoid was formed in a magmatic arc-related environment
based on its trace element concentrations. The trace element con-
centrations of Erik Granitoid are close to those of plutons associated
with Fe and Cu skarn mineralization (Fig. 5).

4.2. Carbonate rocks

Carbonate rocks consist of sandy limestone and limestone,
which occur as crystallized limestone and marble. High Ca and low
Mg values are present in sandy limestone compared to the re-
crystallized limestone (Table 1). In the study area, the Ca and Mg
values of the crystallized limestone are similar to those of the do-
lomitic marble (51% CaO and 3.09% MgO; Lentz and Suzuki, 2000).
The CaO (or CO,) value decreases by about 40%, whereas the MgO
value increases by about 157% from sandy limestone to marble.
This result is suitable to other calcic skarn mineralization (Barton
et al., 1990; Lentz and Suzuki, 2000). The samples display high
Al,03/Si0, (0.166-0.188) ratio; such trace element enrichment is
ascribed to hydrothermal activities (Istanbullu, 2013). In the dia-
grams of TiO, versus SiO5/Al,;03, SiO5 versus Fe,Ogz;, SiO, versus
Ce, and Al,0;3 versus Ce (Fig. 6), the limestone samples in the
Egrikar Fe—Cu skarn mineralization show strong correlations, which
determine that carbonate disengagement actualizes at temperatures
that can affect Al and Ce mobility (Leitch and Lentz, 1994).

4.3. Geology of skarn mineralization

The Egrikar Fe-Cu skarn mineralization mainly occurs in lime-
stones, whereas host rocks for skarns are identified as volcano-se-
dimentary rocks such as Cambas1 (Ordu), Dereli (Giresun) and Ozdil
(Trabzon) Fe-Cu skarn mineralizations in the Eastern Black Sea
Region of NE Turkey. The Egrikar Fe-Cu skarn mineralization area
is generally fractured and distributed in the area where the old
mining area is; this area consists of limestone lenses, ore mass, and
skarn minerals (Figs. 7 and 8). The orebodies in the Egrikar Fe-Cu
skarn mineralization contain approximately 0.5m X 1m and
1m X 1.5m in size of magnetite, specular hematite, garnet, epi-
dote, and quartz. The most important characteristic of this skarn
mineralization is the formation of both poorly developed endoskarn
and well-developed exoskarn.

In the Egrikar Fe-Cu skarn mineralization, endo- and exoskarn
zones developed from granitoid to limestone (Fig. 8). Endoskarn is
represented by pyroxene in the Egrikar Fe-Cu mineralization and
magnetite and garnet are developed after pyroxene. Anhydrous and
high-temperature minerals, such as pyroxene, magnetite and garnet
in the Egrikar Fe-Cu skarn mineralization, occurred at the prograde
stage (Fig. 9a). Retrograde epidote, hornblende, calcite and a small
amount of chlorite replaced pyroxenes and show transition to the
exoskarn zone in the Egrikar Fe-Cu skarn mineralization (Fig. 9a
and b). Moreover, epidotes were found as replacing magnetite and
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2005) diagram showing variations of the Erik Granitoid samples in the Egrikar Fe-Cu skarn mineralization.

garnet in the exoskarn zone of the Egrikar Fe-Cu skarn miner-
alization. Epidotes were also observed as epidote veins in andesite
and limestone, epidote spots in diorite, and around the radial he-
matite lenses in the study area. In addition, in this skarn miner-
alization, the spaces and fractures between garnets belonging to
prograde are filled with hematite and quartz (Fig. 9c and d). Hy-
drous minerals, such as epidote, hornblende, and chlorite, devel-
oped at the retrograde stage (Einaudi and Burt, 1982; Meinert,

1992, 1997; Meinert et al., 2005; Orhan et al., 2010; Sipahi, 2011).
Some epidotes generally grow along the fractures of pyroxene and
garnet, belonging to the prograde stage (Einaudi, 1982; Murakami,
2005).

4.4. Skarn paragenesis

Magnetite, pyrite, hematite, and chalcopyrite (grade of 0.8% Cu; Er
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Fig. 5. a) Nb-Y and (b) Rb-(Y + Nb) diagrams (Pearce et al., 1984, data for plutonic rocks from Meinert, 1985), ¢) Rb-Ba-Sr ternary diagram (Ray et al., 2000; data for plutonic rocks
including skarn from Ray et al., 1996) and d) Sc vs Rb diagram (Meinert, 1995; Meinert et al., 2005) showing variations of the Erik Granitoid samples. Symbols are the same as in Fig. 4.
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and Serdar, 1992) are abundant ore minerals (Table 2). Alteration and
oxidation minerals include hematite, goethite, digenite, malachite,
azurite, covelline, bornite, and lepidocrocite. Magnetite and pyrite
follow as an early ore phase. Chalcopyrite is formed after pyrite. Some
magnetites are replaced with hematite (Fig. 10a). Some pyrites have
cataclastic texture showing a deformation or fluid-pressure (Fig. 10b).
Magnetite which is generally xenomorph and subotomorph is massive.
Hematite replaced some pyrites. Hematite develops radial and lattice
(Fig. 10c). Martite develops along some magnetite crystal edges and
fractures. Some magnetites include small chalcopyrite inclusions
(Fig. 10d). Chalcopyrite find as an inclusion in the gangue (Fig. 10b).
Covelline, bornite, and digenite developed in the chalcopyrite fractures.
Quartz is associated with magnetite and hematite. Supergene effects
include replacement of chalcopyrite, pyrite, and hematite with mala-
chite, azurite, covelline, bornite, and goethite.

4.5. Skarn and ore mineralogy

In Egrikar Fe—Cu skarn mineralization, EPMA was utilized to de-
termine skarn mineral types and chemistry of the ore minerals. The
chemical analysis results of pyroxene, garnet, epidote, magnetite,

| ' !!ld mining area
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chalcopyrite, and pyrite for Egrikar Fe-Cu skarn mineralization are
shown in Table 3.

Pyroxene is associated with less magnetite, chalcopyrite, epidote, and
quartz in samples from the endoskarn zone of Egrikar Fe-Cu skarn mi-
neralization. In this zone, epidote replaces some pyroxenes. Magnetite was
observed between pyroxenes. MnO in pyroxene ranges from 1.53% to
9.58% and shows high values (Table 3). In Egrikar Fe-Cu skarn miner-
alization, pyroxene with low Mn content is associated with less amount of
chalcopyrite in the endoskarn zone. The Mn/Fe values of pyroxene from
Egrikar Fe—Cu skarn mineralization are generally < 0.15 and show simi-
larity to the Cu-Fe skarn-type deposit. Al;O3 content in pyroxene changes
from 0.05% to 0.26%. The pyroxene type in Egrikar Fe—Cu skarn miner-
alization is hedenbergite (Dig.31_0814Hds9.29 80.82J05,0 3555) and shows
less diopside and johannsenite (Fig. 11). The Mg, Mn, and Fe contents of
pyroxenes change compare to skarn types, and some Fe skarn deposits
contain high amounts of johannsenite-bearing pyroxene (Einaudi and
Burt, 1982; Matsueda, 1981). Einaudi and Burt (1982) reported that the
Mn content in pyroxene from the Fe skarn is higher than that in the Cu
skarn but lower than that in the Pb-Zn skarn. Nakano et al. (1994) and
Nakano (1998) determined that pyroxenes exhibit different Mn/Fe values
in different skarn types and suggested < 0 0.14 for Cu-Fe type and > 0.2
for Pb-Zn type. The Mn/Fe ratio of pyroxene from the Ayazmant (Bali-
kesir, Turkey) Fe-Cu skarn deposit ranges from 0.005 to 0.02 and is low
(Oyman, 2010). Nakano et al. (1994) determined that the Al,O5 content of
pyroxene in skarns is generally below 1%. Some researchers (Einaudi
et al., 1981; Nakano et al., 1994) determined a relationship exists between
the skarn mineral composition and skarn deposit metal contents; they also
showed that johannsenite develops in Zn-skarns and diopsite-he-
denbergite in Fe-Cu skarns.

Garnet is observed otomorph-subotomorph and shows isotropic and
anisotropic properties. Garnet shows zoning, such as thin bands, and
cataclastic texture in some samples. Garnet is partly replaced with
quartz-Fe-oxide-epidote and remains as a relic in some samples. Some
garnet was also observed together with hematite. The type of garnet is
andradite (Ado;.99Gro1_g7) in endo-exoskarn transitional zone and
grossular-andradite (Ad4.95Gros s4) in the exoskarn zone (Fig. 12).
Fe?* is dominant in garnet (garnet 1) of the endo- and exoskarn
transitional zones, whereas Fe> " is dominant in the garnet (garnet 2)
from the exoskarn zone. Zoning garnet is composed of grossular-an-
dradite. In general, the Ad/Gr ratio of garnet increases in the exoskarn
zone from Egrikar Fe-Cu skarn mineralization. Abu El-Enen et al.
(2004) expressed that the increase in Ad/Gr ratio from the core to the
rim of garnet is related to the oxidized degree of f (0,), and the Ad/Gr
ratio increases with increasing of f (O,).

Epidote was observed in hornblende andesite and in limestone with
garnet, magnetite, and hematite in the exoskarn. Epidote replaces
pyroxene and magnetite in endoskarn and exoskarn zones, respectively.

Fig. 7. a) The old mining area and b) ore zone from the Egrikar Fe-Cu skarn mineralization.
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Fig. 8. The cross section of the Egrikar Fe-Cu skarn mineralization. Symbols are the same as in Fig. 2.
The epidote is Fe-rich with Fe/(Fe + Al) ratios ranging from 0.28 to Magnetite is found with epidote and quartz. Some magnetites are
0.44 in endoskarn and endo-exoskarn transitional zones and from 0.22 replaced with hematite laths. Furthermore, radial and specular hema-
to 0.42 in the exoskarn zone. The Fe/(Fe + Al) ratio of exoskarn epi- tites are dominant in the exoskarn zone and shown together with
dote from the Egrikar Fe-Cu skarn is similar to the Fe/(Fe + Al) of garnet. The SiO, and TiO, contents of magnetite are within
epidote in the Ayazmant Fe-Cu skarn (Oyman, 2010) and Kara mag- 0.04%-2.04% and 0%-0.18%, respectively. Chalcopyrite is a small
netite-scheelite skarn (Zaw and Singoyi, 2000). compound and acts as relict among clinopyroxene, magnetite, and

Fig. 9. Microscopic images of skarn minerals. a) the pyroxene replaced by epidote in endoskarn zone (sample number: E48-3, + N), b) pyroxene-hornblende-epidote-quartz-calcite
assemblages showing transitional from endoskarn to exoskarn zone (sample number: E48-2, + N), ¢) garnet-hematite-epidote-quartz in the exoskarn zone (Sample number: E45, + N)
and d) hematite and quartz vein between garnets (sample number: E42-10, + N). Hd: Hedenbergite, Grt: Garnet, Hbl: Hornblende, Hem: Hematite, Ep: epidote, Qz: Quartz, Cal: Calcite,
Chl: Chlorite.
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Paragenetic sequence diagram of the Egrikar (Glimiishane, Turkey) Fe-Cu skarn mineralization.
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specular hematite. Chalcopyrite is the most common sulfide mineral
and partly altered to covellite. The Cu and Fe contents of chalcopyrite
change from 34.12% to 35.91% and from 31.27% to 33.73%, respec-
tively, in endoskarn; in exoskarn these contents change from 30.42% to
35.00% and from 30.01% to 33.26%, respectively. Pyrite is observed,
together with specular hematite, in exoskarn, and it includes less
amount of Cu (0%-0.07%) compared to Cu content (0.17%) of the
pyrite in the Pena Colorado-Mexico Fe skarn (Ziircher et al., 2001).

4.6. Fluid inclusion

Fluid inclusion analyses were conducted on hedenbergite in
endoskarn, and on epidote and quartz in the exoskarn. In the
samples from the Egrikar Fe-Cu skarn area, only primary fluid in-
clusions yield a reliable homogenization temperatures (Th), first
melting temperatures (Tmg,s), and final ice melting temperatures
(Tmjce) measurements (Table 4). Fluid inclusions in hedenbergite,
epidote, and quartz are 8-52, 5-13, and 6-19 pm, respectively. The
two phases (liquid + vapour) of type I inclusion are identified in
hedenbergite, epidote, and quartz, according to the liquid-rich
room temperature (Fig. 13). The homogenization temperature for a
hedenbergite sample ranges from 350 °C to 380 °C, and the salinity
varies from 6.88 wt% to 10.73 wt% NaCl equivalent. For five quartz
samples, the homogenization temperature ranges from 316 °C to
395 °C, and the salinity values are between 3.9 wt% and 15.38 wt%
NaCl equivalent (Fig. 14). The homogenization temperature of an
epidote sample ranges from 365 to 376 °C.

4.7. Stable isotope

In the Egrikar Fe—Cu skarn mineralization, §'%0, 8D, §'3C, and
8%4S values of skarn minerals (hedenbergite, garnet, quartz, mag-
netite, hedenbergite + amphibole, epidote, calcite, and pyrite)
were determined. The results show that skarn minerals were formed

40

from magmatic fluids (Table 5, Fig. 15). Hedenbergite + amphi-
bole, garnet, epidote, and magnetite are close to primary magmatic
water, which suggests possible mixing of magmatic and meteoric
water. Compared with the C isotope compositions in the other
geological environments, the C isotope data of calcite and marble in
Egrikar Fe—Cu skarn are consistent with those of metamorphic and
skarns.

The 8*S values of pyrite in the Egrikar Fe-Cu skarn mineralization
show a considerably narrow range.

5. Discussion

The general characteristics of skarn systems differ among es-
sential ores (W, Cu, Fe, Pb-Zn, Mo, and Sn) (Einaudi et al., 1981).
The difference among the skarn mineralization develops as a result
of the composition of host rock forming skarn mineralization, fluid
composition, skarn formation depth, metamorphism, and metaso-
matism (Meinert, 1985). The skarn mineralization type is also af-
fected by mineral types in skarn zones, chemical compositions, and
formation conditions. In the investigation of mineral compositions
from the Egrikar Fe-Cu skarn mineralization, Si, Al, and Fe im-
migrate from Erik Granitoid to marble, whereas Ca transfers from
marble to Erik Granitoid. Pyroxene type in magnetite-rich skarn
displays diopsidic and hedenbergite composition in the presence of
magnetite and garnet (Ciobanu and Cook, 2004; Yilmazer, 2012).
Endoskarn zone pyroxene from the Egrikar Fe-Cu skarn miner-
alization presents a hedenbergite composition; the garnet type in
the endo- and exoskarn zones is andradite-rich and grossular-rich.
In addition, the Mn/Fe values of pyroxene are below 0.15 and close
to the values of the Cu-Fe skarn type. The Egrikar Fe-Cu skarn
mineralization contains magnetite and garnet at most. The epidote
composition of the Egrikar Fe—Cu skarn mineralization is pistasitic,
which resembles the epidotes of the Fe skarn deposits.

In this study, the SiO, content of magnetite in the exoskarn zone



F. Sipahi et al.

Journal of Geochemical Exploration 182 (2017) 32-52

Fig. 10. a) Magnetite replaced by hematite (sample number: E-45), b) cataclastic texture of pyrite (sample number: E-44), c) Hematite laths in magnetite from exoskarn (sample number:
E-42-12) and d) magnetite including chalcopyrite (sample number: E-48-3). Mag: magnetite, Hem: hematite, Ccp: chalcopyrite, Py: pyrite, Qz: quartz, Grt: garnet.

is within 0.04%-2.04%. The SiO, content increases, whereas the
FeO content slightly decreases from the core to the rim. Huberty
et al. (2012) determined that silician magnetite has 1%-3% SiO,
when low-Si magnetite has below 1% SiO,. Silician magnetite is
stabilized relative to magnetite (4 quartz) by more reducing con-
ditions than those for (low-Si) magnetite; the former presence of
this organic carbon stabilizes silician magnetite under reducing
conditions. Silician and low-Si magnetites in the exoskarn zone
from the Egrikar Fe—Cu skarn mineralization show more reducing
(low oxygen fugacity) condition than those of Si-free magnetite.

The oxygen isotope values of the low-Si magnetite from the
Egrikar Fe—Cu skarn mineralization range from 1%o to — 1.6%o. The
oxygen isotope (1.3%o ile 4.6) values of silician magnetite are
higher than the oxygen isotope (— 5.6%o ile 3.8) values of low-Si
magnetite (Li et al., 2013). Low-Si magnetite is the earliest mag-
netite occurrence (Huberty et al., 2012). Low-Si magnetite shows a
large variation in 880 values, indicating the formation over a wide
range of temperature (until 300 °C) or different degrees of isotopic
exchange during metamorphism. Magnetite with the lowest §'¢0
values represents the most pristine, least exchanged magnetite (Li
et al., 2013). In the study area, 255 °C and 438 °C were calculated
using the oxygen isotope values of the low-Si magnetite-epidote
pair; this finding supported a wide temperature range during me-
tamorphism.

Type I (L + V) fluid inclusion data from Egrikar Fe-Cu skarn

)

minerals are plotted in “Metamorphic Fluids” field (Fig. 15a). The
homogenization temperatures and salinity values are similar to
those of Type I inclusions in vesuvianite of the proximal zone from
the Susurluk skarn deposit (>437°C and mean 11.1% NaCl
equivalent, respectively) (Orhan et al., 2010) as well as to those of
Type I inclusions of the second phase in vesuvianite and third phase
in quartz from Kara magnetite-scheelite skarn mineralization
(362 °C-571 °C for vesuvianite and 295.5-359 °C for quartz; and
16.3%-17.8% NaCl equivalent for vesuvianite and 13.4%-15.3%
NaCl equivalent for quartz) (Singoyi and Zaw, 2001). These findings
indicate magmatic fluids. In addition, low salinity values show a
slight dilution by meteoric fluids.

The isotope values of fluids in equilibrium with the magneti-
te—epidote pair using the temperatures (255 °C and 438 °C) derived
from the oxygen isotope values of magnetite-epidote pair were
calculated (Table 6). The isotope composition of these fluids falls in
“primary magmatic water” field and decreases with decreasing
temperature (Fig. 16). Furthermore, the isotope values of fluids in
equilibrium with the quartz using the temperatures (255 °C and
438 °C) obtained from fluid inclusion of quartz were calculated and
determined to be variable with temperature (Fig. 16). Xu et al.
(2015) determined that fluids occurring in prograde skarn were
derived from magmatic origin based on §*80gq;q and 8Dgyiq of fluids
being together with garnet, clinopyroxene, quartz, and calcite;
these fluids are also affected by meteoric water in retrograde
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Table 3
Microchemical analyses of the pyroxene, garnet, epidote, magnetite, chalcopyrite and pyrite from Egrikar Fe-Cu skarn mineralization.

Mineral Pyroxene Garnet 1 Garnet 2
Zone Endoskarn Endo-exoskarn Exoskarn
Sample E43-1 E48-2 E48-3 E48-2 E42-13 E42-1
Element Min. Max. Min Max. Min. Max. Min. Max. Min. Max. Min. Max.
SiO, 47.79 52.78 46.12 48.51 48.55 50.46 47.85 49.45 34.95 37.23 35.76 37.21
TiO, b.d.L. 0.01 0.02 b.d.l. 0.02 0.02 0.06 0.02 1.13 0.68 0.09 0.26
Al,03 1.18 0.19 1.65 0.10 0.17 0.09 1.26 0.19 5.76 12.06 5.65 5.71
FeO" 22.52 19.62 22.83 24.96 24.69 20.78 23.58 22.61 20.27 13.41 21.5 20.98
MnO 4.25 5.41 4.96 3.59 3.93 1.76 4.92 5.25 1.32 1.24 1.35 1.26
MgO 2.15 0.65 1.38 0.87 1.03 4.93 1.08 1.26 b.d.l. 0.01 b.d.l. 0.01
CaO 22.27 19.44 22.25 22.40 22.90 23.60 22.46 22.86 33.60 34.55 33.17 32.73
NayO 0.43 0.07 0.28 0.17 0.19 0.19
Total 100.6 98.16 99.49 100.58 101.49 101.84 101.20 101.65 97.04 99.18 97.52 98.16
6 oxygen 12 oxygen
Si 1.94 2.13 1.89 1.98 1.97 1.98 3.87 3.98 2.89 2.94 2.94 3.04
Ti - 0.00 0.00 - 0.00 0.00 0.00 0.00 0.07 0.04 0.01 0.02
Al 0.06 0.00 0.08 0.00 0.01 0.00 0.12 0.02 0.56 1.12 0.55 0.55
Fe*?3 0.14 0.00 0.17 0.06 0.08 0.06 0.13 0.02 1.41 0.88 1.45 1.26
Fe*? 0.62 0.68 0.61 0.80 0.74 0.60 1.46 1.50 0.00 0.01 0.03 0.18
Mn 0.15 0.19 0.17 0.12 0.13 0.05 0.34 0.36 0.09 0.08 0.09 0.09
Mg 0.13 0.04 0.08 0.05 0.06 0.28 0.13 0.15 - 0.00 - 0.00
Ca 0.97 0.84 0.97 0.98 0.99 0.99 1.95 1.97 2.98 2.92 2.93 2.87
Na 0.03 0.01 0.02 0.01 0.01 0.01 - - - - - -
Hd 73.21 75.34 75.31 82.79 80.82 66.15 Ad 0.93 0.99 0.71 0.44 0.73 0.72
Jo 14.20 20.35 16.57 12.06 13.13 5.71 Gr 0.06 0.01 0.28 0.54 0.26 0.27
Di 12.60 4.31 8.12 5.15 6.06 28.14 Sp 0.01 0.00 0.01 0.02 0.01 0.01
Mn/Fe 0.19 0.27 0.21 0.13 0.16 0.08 Al 0.00 0.00 0.00 0.00 0.00 0.00
Ferric Fe is calculated according to Droop (1987).
Mineral Garnet 2 Epidote 1
Zone Exoskarn Endoskarn Endo-exoskarn Exoskarn
Sample E42-8 E42-12 E45 E42-10 E48-3 E48-2 E42-8
Element Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.
SiO, 36.14 37.27 35.03 36.33 33.90 39.38 34.26 36.32 36.42 37.70 37.00 38.40 36.60 37.60
TiO, 0.01 b.d.l. 0.07 0.03 0.12 0.56 b.d.l. b.d.l. 0.06 0.08 0.26 0.04 0.10 b.d.l.
Al,03 6.08 6.59 5.93 6.50 6.15 5.20 0.32 6.35 18.28 24.00 18.20 24.20 18.70 20.10
FeO" 20.93 20.70 20.86 20.22 26.71 21.30 28.70 21.27 19.84 13.10 19.60 13.60 18.50 17.50
MnO 1.34 1.59 1.62 2.64 1.88 1.34 0.53 1.63 0.69 0.52 0.23 0.32 0.14 0.16
MgO 0.02 b.d.L 0.01 b.d.L b.d.l b.d.L b.d.L 0.01 b.d.l b.d.l. b.d.l b.d.l 0.02 b.d.l
CaO 33.39 32.82 32.43 31.64 29.86 30.81 32.69 32.24 22.62 23.40 22.80 23.10 22.80 23.20
Na,O 0.01 b.d.l. b.d.L 0.01 b.d.L 0.01
H,O0 1.76 1.85 1.77 1.87 1.76 1.80
Total 97.91 98.97 95.94 97.36 98.63 98.59 96.50 97.83 99.69 101.00 99.80 101.00 98.60. 100.00
12 oxygen 25 oxygen
Si 2.96 3.02 2.93 2.99 2.79 3.22 291 2.98 5.97 5.87 6.03 5.92 6.01 6.01
Ti 0.00 - 0.00 0.00 0.01 0.03 - - 0.01 0.01 0.03 0.00 0.01 -
Al 0.59 0.63 0.58 0.63 0.60 0.50 0.03 0.61 3.53 4.40 3.49 4.40 3.62 3.79
Fe®* 1.40 1.26 1.45 1.30 1.67 0.95 1.95 1.34 2.72 1.71 2.67 1.75
Fe?* 0.03 0.14 0.01 0.10 0.17 0.50 0.09 0.12 0.09 0.07 0.03 0.04 2.53 2.34
Mn 0.09 0.11 0.11 0.18 0.13 0.09 0.04 0.11 - - - - 0.02 0.02
Mg 0.00 - 0.00 - - - - 0.00 3.97 3.91 3.97 3.81 0.00 -
Ca 2.93 2.85 2.91 2.79 2.63 2.70 2.98 2.83 0.00 - - 0.00 4.01 3.97
Na 0.96 0.96 0.96 0.96 - 0.00
OH 16.30 16.00 16.20 15.90 0.96 0.96
Ad 0.71 0.69 0.71 0.69 0.75 0.74 0.98 0.70
Gr 0.28 0.30 0.28 0.29 0.23 0.25 0.02 0.28
Sp 0.01 0.01 0.01 0.02 0.01 0.01 0.00 0.01
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Py 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe/(Fe + Al) 0.44 0.28 0.43 0.28 0.41 0.38

(continued on next page)
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Table 3 (continued)

Mineral Epidote 1 Epidote 2
Zone Exoskarn Exoskarn
Sample E41 E45 E42-10 E49k E42-13 E42-12
Element Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.
SiO, 37.32 38.24 36.62 38.81 36.34 37.50 36.04 37.74 36.96 38.95 36.18 37.80
TiO, 0.03 0.02 0.06 0.04 0.04 0.04 b.d.l 0.04 0.04 0.06 0.04 0.08
Al,03 19.07 21.21 20.57 25.40 18.54 21.27 18.78 21.49 19.66 26.42 19.23 23.70
FeO" 18.44 15.84 16.96 10.85 18.53 15.84 18.67 15.79 17.43 9.56 17.16 12.50
MnO 0.27 0.59 0.19 0.56 0.09 0.15 0.90 0.33 0.20 0.42 0.32 0.30
MgO 0.06 0.08 b.d.l 0.25 0.01 0.02 0.01 b.d.L b.d.L 0.06 b.d.l b.d.l
CaO 22.58 22.60 23.27 24.08 22.70 22.74 22.26 23.36 22.55 23.93 22.30 23.10
Na,O 0.01 b.d.L 0.01 0.01 b.d.l b.d.l. b.d.l. b.d.L 0.02 0.01 0.02 0.01
H,0 1.78 1.82 1.79 1.90 1.74 1.80 1.75 1.82 1.77 1.90 1.74 1.83
Total 99.56 100.4 99.46 101.90 98.00 99.36 98.41 100.60 98.62 101.30 96.98 99.30
25 oxygen
Si 6.05 6.04 5.91 5.89 6.01 5.99 5.95 5.97 6.02 5.90 6.00 5.93
Ti 0.00 0.00 0.01 0.01 0.01 0.01 - 0.01 0.00 0.01 0.01 0.01
Al 3.64 3.95 3.91 4.55 3.61 4.01 3.66 4.01 3.77 4.71 3.76 4.39
Fe?* 2.50 2.09 2.29 1.38 2.56 2.12 2.58 2.09 2.37 1.21 2.38 1.64
Mn 0.04 0.08 0.03 0.07 0.01 0.02 0.13 0.04 0.03 0.05 0.05 0.04
Mg 0.01 0.02 - 0.06 0.00 0.01 0.00 - - 0.01 - -
Ca 3.92 3.83 4.02 3.92 4.02 3.89 3.94 3.96 3.93 3.88 3.96 3.89
Na 0.00 - 0.00 0.00 - - - - 0.01 0.00 0.01 0.00
OH 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96
Total 16.17 16.02 16.17 15.87 16.22 16.04 16.26 16.07 16.13 15.78 16.16 15.90
Fe/(Fe + Al)

0.41 0.35 0.37 0.23 0.41 0.35 0.38 0.34 0.39 0.20 0.41 0.27
Mineral Magnetite
Zone Endoskarn Endo-exoskarn Exoskarn
Sample E43-1 E48-3 E48-2 E41 E42-4 E42-13 E45
Element Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.
SiO, 0.30 2.04 0.73 1.09 0.05 0.59 0.24 1.44 0.06 0.41 0.25 3.84 0.08 2.30
TiO, b.d.l. 0.18 b.d.l. 0.03 b.d.l. 0.26 b.d.l. 0.05 b.d.l. 0.11 0.01 0.07 b.d.l. 0.14
Al,03 0.30 1.07 0.01 0.03 0.30 1.23 0.01 0.17 0.03 0.62 0.01 0.62 0.09 0.28
FeO" 87.22 90.16 91.78 92.57 89.97 91.26 88.40 90.55 88.03 89.80 85.35 89.87 90.68 92.68
MnO 0.02 0.11 0.38 0.52 b.d.l 0.76 0.04 0.30 b.d.l 0.30 b.d.L 0.19 0.04 0.37
MgO b.d.l 0.36 b.d.l. 0.01 b.d.l 0.02 b.d.l 0.03 b.d.l 0.03 b.d.L 0.01 b.d.L 0.03
CaO 0.02 0.26 0.02 0.09 b.d.l 0.25 b.d.l. 0.15 b.d.l. 0.05 b.d.l 0.17 b.d.l 0.11
Cry03 b.d.l. 0.01 b.d.l. 0.02 b.d.l 0.05 b.d.l 0.03 b.d.l 0.03 b.d.L 0.01 b.d.L 0.03
Total 87.86 94.19 92.92 94.36 90.32 94.42 88.69 92.72 88.13 91.35 85.62 94.78 91.03 95.94
32 oxygen
Si 0.09 0.56 0.22 0.33 0.02 0.18 0.08 0.45 0.02 0.13 0.08 1.22 0.03 0.70
Ti - 0.04 - 0.01 - 0.06 - 0.01 - 0.03 0.01 0.02 - 0.03
Al 0.11 0.40 0.00 0.01 0.11 0.40 0.00 0.06 0.01 0.23 0.07 0.23 0.03 0.10
Fe?* 8.04 8.49 8.12 8.22 7.89 8.12 8.01 8.06 8.01 8.03 8.09 9.11 7.98 8.56
Fe®* 14.56 15.62 15.33 15.54 15.21 15.75 15.29 15.70 15.63 15.94 13.54 15.79 15.78 14.56
Mn 0.01 0.04 0.10 0.14 - 0.20 0.01 0.08 - 0.08 - 0.05 0.01 0.10
Mg - 0.17 - 0.01 - 0.01 - 0.01 - 0.01 - 0.01 - 0.01
Ca 0.01 0.09 0.01 0.03 - 0.08 - 0.05 - 0.01 - 0.06 - 0.04
Cr - 0.00 - 0.01 - 0.01 - 0.01 - 0.01 - 0.00 - 0.01
Mineral Magnetite Chalcopyrite Pyrite
Zone Exoskarn Endoskarn Exoskarn Exoskarn
Sample E49k E43-1 E48-3 E42-6 E42-6
Element Min. Max. Element Min. Max. Min. Max. Min. Max. Min. Max.

(continued on next page)
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Table 3 (continued)
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Mineral Magnetite Chalcopyrite Pyrite
Zone Exoskarn Endoskarn Exoskarn Exoskarn
Sample E49k E43-1 E48-3 E42-6 E42-6
Element Min. Max Element Min. Max. Min. Max. Min. Max. Min. Max
Si0, 1.08 5.04 Cu 34.12 35.91 34.19 34.25 33.76 35.00 46.81 47.75
TiOy b.d.L 0.05 Fe 31.27 33.73 31.27 31.44 30.49 31.24 0.03 0.06
Al,05 b.d.L. 1.15 S 34.54 36.61 34.61 34.77 34.58 35.37 53.94 54.54
FeO' 87.18 95.52 Total 99.93 106.26 100.07 100.46 98.83 101.61 100.781 102.35
MnO b.d.L 0.15
MgO b.d.L. 0.25 Cu 0.53 0.56 0.53 0.53 0.53 0.55 0.84 0.86
Ca0 b.d.L 0.90 Fe 0.55 0.60 0.55 0.56 0.58 0.56 0.00 0.00
Cr,03 b.d.L 0.05 S 1.07 1.14 1.07 1.08 1.08 1.10 1.68 1.70
Total 88.26 103.11
32 oxygen
Si 0.33 1.50
Ti - 0.01
Al - 0.40
Fe?* 8.64 9.12
Fe®* 12.59 14.60
Mn - 0.04
Mg - 0.11
Ca - 0.29
Cr - 0.01
important magmatic composition. The oxygen isotope thermometry
Johannsenite calculations of the magnetite and epidote pair at the exoskarn zone
(Mn,Si,0,) determined that these minerals occurred between 255 °C and
Jo 438 °C. The magnetite and epidote pair accompany minimal
/\ amounts of garnet and quartz in some samples. The temperature for
\\ the magnetite-epidote pair was determined as 438 °C, which is
<(}/ 50 marked in Fig. 17 as an early exoskarn phase where garnet is pre-
A sent. The skarn mineral associations in the exoskarn zone of the
/ (Meicers 1992) Egrikar Fe-Cu skarn mineralization were plotted on magnetite-he-
Ximu.rfj“'ﬁ‘(u) matite line at 438 °C. In the garnet-magnetite-epidote-quartz as-
D——l 2 semblages, garnet is the early phase and replaced with hematite and
50 . 50 o ep.ldote. Char.lges in the oxygen fL}gac1ty of.the quartz accompanied
- with magnetite were also investigated using temperature (200 °C
Fe-skarn and 380 °C) values from fluid inclusion studies of the quartz, and
(f%ipahi., 2011) stability field experiments of mineral pairs with decreasing tem-
Cu-skarn perature (Fig. 17). Fe-rich ore in the Pitkdranta (Russia) poly-
Fe-skarn metallic (Fe, Cu, Sn, and Zn) skarn deposit occurred at low fS,, low
‘ temperatures, and high fO, environmental conditions, whereas Cu-
N rich ore occurred at high fS, and high-temperature environment
e st ‘,—; conditions (Valkama et al., 2016). In the Egrikar Fe—Cu skarn mi-
N e ——— . neralization, pyrite was found, together with magnetite and he-
Diopside Hedenbergite matite; The S-isotope values are at a narrow range of 8*S values
(Mg,S1,0,) (Fe,S1,04) ’ ?

Fig. 11. Classification of clinopyroxene from Egrikar Fe-Cu skarn mineralization (Cu- and
Fe-skarn values from Einaudi and Burt, 1982).

occurrence.

Meteoric water is important in oxygen isotope composition of fluids,
depending on temperature decrease at the exoskarn zone in the Egrikar
Fe-Cu skarn mineralization. The 880 value of the fluid equilibrium
with magnetite and epidote increases according to the isotope compo-
sition of the fluid equilibrium with quartz. Therefore, a fluid should be
equilibrated with limestone at relatively high temperatures to explain
the high values.

The oxygen isotope compositions of magnetite, epidote, and
quartz at the exoskarn zone in the Egrikar Fe—Cu skarn miner-
alization showed that minerals formed from fluids display an
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which show a magmatic origin. All of these observations support
the sulfur content of ore-forming fluids at the beginning of the skarn
formation. In oxidized fluids, a large amount of sulfur can be pre-
sent as (S04)? ~; consequently, the solubility of Fe is not limited at
high temperatures (Jansson and Allen, 2013). Low S content and
abundant minerals with ferric Fe show a large amount of oxidized
fluids. The Egrikar Fe-Cu skarn mineralization was formed by Erik
Granitoid with medium K calc-alkaline and peraluminous to meta-
luminous. According to zircon and apatite thermometry, the cal-
culated setting temperature values for Erik Granitoid are between
688 °C and 828 °C (Sipahi et al., 2016). The temperature value of
the hedenbergite-garnet pair in the endo- and exoskarn zone from
the Egrikar Fe-Cu skarn mineralization was calculated from the
mineral chemistry of the hedenbergite—garnet pair according to the
methods of Ravna (2000) and estimated at 377 °C-446 °C. The
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Fig. 12. Ternary diagram showing compositional variations of
garnet from the Egrikar Fe-Cu skarn mineralization.

Fe-skamn
e Gr
(Sipahi, 2011) . Ad
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|
|
e [e)
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Table 4
Fluid inclusion analysis results of quartz, epidote, hedenbergite from Egrikar Fe-Cu skarn mineralization.
Sample number Host mineral Inclusion type Th (°C) Tmgee (°C Tmjee (°C) Salinity (wt% NaCl equiv.)
E48-2 Hedenbergite (n = 4) Type I 350-380 (—34.2)-(—52.4) (—4.3-(-7.2) 6.88-10.73
E38 Quartz Type 1 332-375 (—19.1)-(—42.1) (=2.3)-(-7.5) 3.9-11.10
E42-1 Quartz Type I 199-212 -283 0.2 15.38
E42-7 Epidote Type I 365-376 - - -
E42-7 Quartz Type I 335-342 (-3.3)-(—-6.1) 5.41-9.34
E43-3 Quartz Type I 360-372 (=2.7)-(-41) 4.5-6.6
E43-4 Quartz Type I 316-395 (-2.3)-(-5.1) 3.9-8

temperature values (255-438 °C) calculated from the oxygen iso-
tope compositions of the magnetite—epidote pair were interpreted
with those (200-380 °C) obtained from fluid inclusions of quartz
minerals in exoskarn zone from Egrikar Fe—Cu skarn mineralization
with setting temperature values (688-828 °C) of the Erik Granitoid.
The results indicated that skarn occurrence started at 750 °C with
the settle of the Erik Granitoid. Hedenbergitic diopside-forming
temperatures, together with magnetite in Ayazmant Fe-Cu skarn
deposit, are between 497 °C and 576 °C (Oyman, 2010). The he-
denbergite-forming temperature from fluid inclusion of the he-
denbergite, which accompanies minimal amounts of magnetite and
quartz in endoskarn zone, is 350 °C-500 °C (Sipahi et al., 2016).

Carbon and oxygen isotope compositions of limestone and cal-
cite minerals reflect the effect of the fluid-rock, and indicate the
effect of temperature in mineral formation (Zheng and Hoefs,
1993). Carbon and oxygen isotope values of limestone and calcite
minerals in the Egrikar Fe-Cu skarn mineralization fall in retro-
grade alteration field (Fig. 18). Carbon and oxygen isotope values of
limestone and calcite minerals reflect variation in temperature. In
addition, oxygen isotope compositions of samples are present in a
narrow range, which implies the effect of calcite-forming similar
fluids.

The sulfur isotope characteristics of pyrite from Egrikar Fe-Cu
skarn mineralization suggested a single well-homogenized source of
sulfur and magmatic origins; they are also similar to the S-isotope
values of sulfides in Edong (China) Cu-Fe skarn deposit (Xie et al.,
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2015), pyrite in Baijiazi (China) Zn-Pb skarn deposit (Zhao et al.,
2003), pyrite in Saml1 (Balikesir, Turkey) Fe-oxide Cu skarn deposit
(Yilmazer et al., 2014), and arsenopyrite in Salanfe (France) W-Au-
As skarn deposit (Chiarada, 2003); however, they are different from
the S-isotope compositions of pyrites in Ayazmant (Balikesir,
Turkey) Fe—Cu skarn (Oyman, 2010) and Egrigoz (Kiitahya, Turkey)
Fe skarn deposit and sulpides in Kotana (Giresun, Turkey) Fe skarn
(Ciftci, 2011) (Fig. 19). This difference is due to the occurrence of
pyrites in Ayazmant Fe—Cu skarn deposit and Egrigoz Fe skarn de-
posit in the late phase; by contrast, pyrites, analyzed in Egrikar
Fe-Cu skarn mineralization, forms in the retrograde stage.

6. Conclusions

1. Erik Granitoid with an age of 42.3 + 1.0 Ma for U-Pb zircon geo-
chronology is medium K calc-alkaline and peraluminous to meta-
luminous, and suggests a magmatic arc-related environment based
on their trace element concentrations. The geochemistry of Erik
granitoid is close to that of pluton association with Fe- and Cu-skarn
deposits. In addition, Erik Granitoid is emplaced into the Upper
Cretaceous sandy carbonates hosting Egrikar Fe—Cu skarn miner-
alization.

2.In the Egrikar Fe-Cu skarn mineralization, hedenbergitic
(Dig 31-28.14Hds0.29-80.82J05.0-35.55) clinopyroxene with less diopside
and johannsenite is observed in the endoskarn zone. Hedenbergite
has low Mn/Fe ratios (< 0.15) and exhibits poor TiO,. The Mn/Fe
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Fig. 13. Photomicrographs of primary fluid inclusions at room temperature in hedenbergite, epidote and quartz from Egrikar Fe-Cu skarn deposit. a) Type I two phases (liquid + vapour)
and liquid-rich and single (liquid) phase from exoskarn zone quartz (sample number: E38), b) type I two phases (liquid + vapour) from exoskarn zone quartz (sample number: E42-1), c¢)
Type I two phases (liquid + vapour) and liquid-rich and single (vapour) phase from exoskarn zone epidote (sample number: E42-1) and d) type I two phases (liquid + vapour) and liquid-
rich and single (vapour) phase from endo-exoskarn zone hedenbergite (sample number: E48-2). L: liquid, V: vapour.

values of pyroxene from Egrikar Fe-Cu skarn mineralization are
similar to the Cu-Fe skarn-type deposit.

. The garnet type in the endo-exoskarn transitional zone from Egrikar
Fe-Cu skarn mineralization is represented by andradite (Ado;.
99Gro1_07) With a narrow range of variation in composition and
grossular-andradite (Ads4.05Gros_s4) in the exoskarn zone. The Ad/
Gr ratio of garnet increases in exoskarn zone from Egrikar Fe-Cu
skarn mineralization, and the f(O,) also increases.

. Epidote  (Cas ge_4.04F€1.64-2.67A13.47_4.77515.82-6.02024(OH)0.96-1.00)
from Egrikar Fe-Cu skarn mineralization has high Fe/(Fe + Al)
ratio (mean, 0.34), which is typical for Fe-skarn deposits.

. Magnetite from Egrikar Fe—Cu skarn mineralization has both low-Si
and silician in exoskarn zone. SiO, content of hematite increases
from core to rim, whereas its FeO content decreases from core to
rim. Silician and low-Si magnetite in the exoskarn from the Egrikar
Fe—Cu skarn mineralization form in further reducing (low oxygen
fugacity) conditions according to magnetite.

. The primary fluid inclusion studies of Type I in hedenbergite, epi-
dote, and quartz from Egrikar Fe—Cu skarn mineralization provide a
wide homogenization temperature range of 200-500 °C and a wide
salinity range of 3.9-15.38 equiv. wt% NaCl for endo-exoskarn
zone. The homogenization temperature and salinity values suggest
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the effect of cooling with isothermal mixing of relatively two dif-
ferent fluids in mineral precipitation. The homogenization tem-
perature and density (0.75-0.60 g/cm®) of fluid inclusion in skarn
minerals support the skarn origin. The first melting values in he-
denbergite and quartz range from 34.2°C to —52.4°C and
—28.3°C to —38.5°C, respectively, and proposed the NaCl
+ CaCl, + FeCl, + H,O-composition fluids in the system.

. The oxygen isotope compositions of hedenbergite, hedenbergite

+ amphibole, garnet, epidote, magnetite, quartz, and calcite in the
Egrikar Fe-Cu skarn mineralization vary in a narrow range and in-
dicate playing a role similar property fluids in mineral formation. In
addition, the 8D values of hydrous minerals and fluid composition in
equilibrium with magnetite—epidote pair support the magmatic
origin and show a little mixing from meteoric source, depending on
a decrease of temperature.

. Sulfur isotope values of pyrites vary in a narrow range and show a

magmatic origin. This indicates that ore-forming fluids include
sulfur at the beginning of the skarn formation and occur in low fS
and high fO, environment conditions.
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Fig. 14. a) Homogenization temperatures (°C) against salinity (wt% NaCl equiv.) values (various solutions are from Bodnar, 1999; Catak and Kiireci data from Oyman et al., 2013) and b)
Salinity (wt% NaCl equiv.) against homogenization temperatures (°C) values (Wilkinson, 2001) of fluid inclusions of samples in the Egrikar Fe-Cu skarn mineralization.

Table 5

Isotope compositions of skarn minerals and rocks.

Sample number Mineral and rock name 8Dymsow %o 8 Oysmow %0 83Cypps %0 8%4Syppp %0 Skarn zone
E48 Hedenbergite 4.1 Endoskarn
E48-2 Hedenbergite + amphibole - 96 4.7 Endo-exoskarn
E48-3A Hedenbergite + amphibole —104 4.1
E12 Quartz 15.2 Exoskarn
E38 Quartz 8.5
E43 Quartz 10.1
E42 Magnetite 1.0
Epidote -73 7.9
E42-3 Magnetite (Hematite) -1.6
Epidote —55 9.2
E42-10 Garnet 3.4
Magnetite 4.4
E44 Pyrite 4.4
E21 Pyrite 3.0
El Hematite -29
Ellk Calcite 9.6 -3.2
E29 Marble 9.2 2.8
E126 Crystallized limestone 11.1 1.6
E45a Crystallized limestone 9.1 1.6
E6c Limestone 8.7 1.2
E52b Sandy limestone 9.1 2.5
E54 Egrikar Monzogranite 8.9
K16 Erik Granitoide 6.6
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Fig. 15. a) 8180 (%o) isotope variations of the hedenbergite, garnet, magnetite, hedenbergite + amphibole, epidote and quartz minerals (other data from Hoefs, 1987), b) 818C (%0)
isotope changings of the limestone and calcite minerals (other data from Hoefs, 1987) and c) §'S (%o) changing of the pyrite (data of various rocks, geological environments and ore types
from Ohmoto and Rye, 1979; Field and Fifarek, 1985; Hoefs, 1987) from Egrikar Fe-Cu skarn mineralization.

Table 6

The 8'®0 and 8D isotope compositions of fuid inclusions in equilibrium with minerals of the exoskarn zone from the Egrikar Fe-Cu skarn mineralization.

Sample 880 minerar (%0) VSMOW SDpmineral (%0) VMSOW Calculated 8'®0gyiq (%o0) T°C
Magnetite Quartz Epidote Epidote Quartz-water Magnetite-epidote

E12 - 15.2 - - 2.99-7.43" 200-290"

E38 - 85 - - 1.20-3.47% 245-380°

E42 1.0 - 7.9 -73 8.59¢ 438°

E42-3 — 1.6 (with hematite) - 9.2 - 55 7.17¢ 255°

2 Friedman and O'Neil (1977).
Y Fluid inclusion.
¢ Zheng and Simon (1991); Zheng (1993).
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Fig. 16. §'°0 vs 8D composition variations of skarn minerals and fluids accompanying skarn minerals in Egrikar Fe-Cu skarn mineralization (modified from Hoefs, 1987).

Fig. 17. Temperature vs. fO2 diagram showing the stability fields
of skarn minerals from exoskarn zone in Egrikar Fe-Cu skarn
mineralization (stability fields of silicate, oxide, sulfur and car-
bonate minerals from Einaudi et al., 1981; Meinert, 1998). Ty-
pical skarn associations were plotted on the basis of magnetite-

-15 | —
1-Andradite-magnetite-| { = e
epidote-quartz 438Cc 98 g
2-Magnetite-epidote- s 3'8 ¢ 83 “\6‘&\\ xd'go
quartz Kiw I Pt ‘?‘bg
3-Magnetite-quartz 9«:‘ | 4,/ s&‘ R h ite 1i
4-Hematite-quartz £ IT - & ematite line.
5-Hematite-epidote- = YS;( R
20 - quartz-calcite I
| pc B
! o ! [
I Q‘/‘t(* I
. .
o |
290°C 3
Log f O, I ./' Abbreviations
N / Ad=Andradite
-25 2%°C | / Amph= Amphibole
: : / : : Ca= Calcite
¢ Fa=Fayalite
4 A Ft=Ferro-actinolite
:/ D o Gp=Graphite
: P | i Hd=Hedenbergite
| ./' | | & Hm=Hematite
I / I N 7 Ay Mt=Magnetite
30 4 | /‘_’4 Hin |x\& 2, 5 I}:oigyn"thome
wat V& e
Y | | Q\b 3 Cp=Chalcopyrite
: ! : ! & Di=Diopside
| | t Gr=Grossular
I I =& Pyx=Pyroxene
| | = Qz=Quartz
Xco, =0.1 f I l = Wo=Wollastonite
P=50 MPa I } l Sd=Siderite
-35 T T T T
300 400 500 600

Temperature (°C)

49



F. Sipahi et al.
4 T T
H Metamorphic E
H - water |
| =] H
21 i ;
: - - H
1 =} 5
! 1
Seawaler | © Protalith marble
04 ] (Zaw, and Singoyi, 2000)
i — / E
1 L/ 1
1 / :
- I !
£ -2 H / i
| | 2
Z ! 2
I ° | 3
L | o
' w
et /L\~Skarn calcite |
-6 o (Zaw and Singdyi, 2000)
(Taylor, i
-8 . ;
M:;egnc ! 1 | mCalcite
’ ' 1 | OLimestone
i | | @Calcite-1 (Akiska and
10 ! 1 Dcmircla, 2014)
-5 0 10 20 30 40

6Hosmm‘ (%0)

Journal of Geochemical Exploration 182 (2017) 32-52

Marble (Marshall
ctal., 2006)

ast altered

o
o
Retrograde .
alteration ™ Calcite
O Limestone
. O Calcite-T (Akiska and
o Na-(Ca) Demircela, 2014)
o | alteration . :
10 20 30 40
amos.\w\v (%0)

Fig. 18. Plot of §'*0yppp and 8'0gyow values of the calcite and limestone in the Egrikar Fe-Cu skarn mineralization (modified from Marshall et al., 2006).
Magmatic H,O field from Taylor (1986) and calcite-I values from Akiska and Demirela (2014)
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Fig. 19. 84S isotope compositions of pyrites in Egrikar Fe-Cu skarn mineralization are
compared to other Fe-Cu deposits. (data in Saml1 Fe-oxide Cu skarn deposit from Yilmazer
et al., 2014; Edough Fe-Cu-Pb-Zn skarn deposit from Laouar et al., 2002; Salanfe W-Au-As
skarn deposit from Chiarada, 2003; Baijiazi Zn-Pb skarn deposit from Zhao et al., 2003;
Ayazmant Fe-Cu skarn deposit from Oyman, 2010; Kotana Fe skarn Deposit from Ciftci,
2011; Egrigoz Fe skarn deposit from Oyman et al., 2013).
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