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Abstract: We investigate rare earth element geochemistry, microthermometric characteristics, and radiogenic isotope systematics of
fluorites and stable isotope compositions of gangue minerals from several fluorite deposits in central Turkey. In the deposits, fluorite is
the main ore mineral and it is accompanied by quartz, calcite, and minor pyrite and barite. Veins are represented by three different fluorite
types based on their color. Total REY contents of fluorites are highly variable, ranging from 24 to 693 ppm. LREE concentrations of
fluorites of all colors are similar but medium and heavy REE abundances of green fluorites are nearly an order of magnitude greater than
in both host rocks and purple and yellow fluorites, indicating multiple sources for crystallization. REEs show significant fractionation and
purple fluorites with relatively low HREE contents were likely precipitated at an earlier stage. As crystallization continued, green fluorites
were nucleated because of ion exchange of LREEs with the host rock/minerals. Fluid inclusions yielded a wide range of homogenization
temperatures from 86 °C to 292 °C and salinities from 0 to 20 wt.% NaCl equiv. The ¥Sr/*Sr ratios of fluorites, varying from 0.707627
to 0.709380, overlap with the range of host rocks. *Nd/'**Nd values suggest two populations: purple fluorites with less radiogenic and
green fluorites with more radiogenic Nd isotope ratios. The Sr-Nd isotope systematics of Bayindir fluorites are consistent with that of the
Bayindir syenite, indicating that hydrothermal solutions progressively reacted with the host rock until equilibrium was established. §'*O
values of quartz are slightly higher than the magmatic range. §"*C and 6" of calcites fall into the range of marine carbonates. §*S values
of barites indicate derivation from diverse reservoirs changing from marine to terrestrial sources. In contrast, sulfur in pyrites points
to a magmatic origin. Therefore, is it suggested that magmatic fluids to some extent contributed to the precipitation of fluorite veins.
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1. Introduction

Fluorite occurs in various ore deposits with different
host rock lithologies and modes of deposition. The type
of deposits varies from open-space filling (e.g., veins,
fissures) hydrothermal mineralizations formed by
low-temperature, moderate- to high-salinity fluids to
pegmatite-pneumatolytic vein mineralizations deposited
under high-temperature conditions (Hill et al., 2000).
Fluorite is a common accessory or gangue mineral
although it may also form as a major ore mineral.

Fluorite is a very informative mineral since it allows
determining not only the temperature but also the timing
of mineralization. The Sm-Nd isochron technique is
successfully applied to fluorite and accompanying calcite
for dating episodes of mineralization (Chesley et al,
1994; Munoz et al., 2005). However, Barker et al. (2009)
suggested that, because of incomplete equilibration or
mixing, Nd isotope systematics may be diversified, failing
to determine ages using Sm-Nd isochrons.

* Correspondence: halimmutlu@ankara.edu.tr

The majority of fluorite deposits in Turkey are hosted by
subduction-related alkaline magmatic rocks, which were
formed by melting of subducting oceanic slab along the
Neotethyan suture zone (Kadioglu et al., 2006). Melting of
the oceanic crust at depths below about 300 km is proposed
to have generated K-rich igneous rock, which in turn gave
rise to increasing alkalinity of subduction-related plutonic
rocks. As a result of metasomatism involving hydrous
oceanic crust, some of the metamorphosed mantle
minerals were altered to phlogopite, which contains
nearly 3% fluorine (e.g., Edgar and Arima, 1985). Fluorine
originating from the melting of phlogopite at great depths
of subduction regions is moved upward by hydrothermal
fluids to precipitate in fluorite under favorable geologic
conditions.

Fluorite vein deposits in central Turkey occur in the
Central Anatolian Crystalline Complex (Figure 1), which
hosts several calc-alkaline and alkaline intrusive bodies.
Geochemical and microthermometric characteristics of
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Figure 1. Map showing the geology (from Kadioglu et al., 2006) and locations of studied fluorite deposits in central Anatolia.

CACC: Central Anatolian Crystalline Complex.

fluorite deposits have been the subject of numerous studies
over the last three decades (e.g., Yaman, 1985; Geng, 2006;
Kog et al., 2007; Sasmaz and Yavuz, 2007; Uras, 2007).
These works have propounded that central Anatolian
fluorites precipitated from low- to moderate-temperature
fluids (80 to 360 °C) with a wide range of salinity (1 to 24
wt.% NaCl equiv.) and the rare earth element distributions
of fluorites commonly indicate a hydrothermal type for
the mineralizing fluids. Despite intensive research on
mineralogical and geochemical characteristics of these
mineralizations, there are limited data on the source of
fluids that are responsible for fluorite deposition.

Since isotopes of elements with large atomic numbers
such as Sr are not significantly fractionated during
ore deposition, they are very helpful for determining
the isotopic composition of host rocks with which
they are equilibrated or interacting. Consequently, the
use of radiogenic isotopes for genetic investigation of
hydrothermal deposits takes priority over trace element
concentrations, which are relatively more affected by
magmatic processes such as fractional crystallization.
Taking this into account, central Anatolian fluorites with
a great variety of colors were examined with a particular
emphasis on their REY abundances and Sr-Nd isotope

systematics. Results of these analyses were combined with
data on homogenization temperatures of fluorites and
stable isotope compositions of secondary minerals (e.g.,
sulfate, sulfide, and quartz) in order to assess the evolution
of the hydrothermal solutions that prevailed in the studied
deposits.

2. Geologic setting
Tectonomagmatic evolution of Anatolia has been defined
by the closure of the Neotethyan Ocean, which gave rise
to the Africa-Eurasia collision in the late Mesozoic and
the Arabia-Anatolia collision in the Miocene (Sengor
and Yilmaz, 1981). As a result, widespread coeval and
postcollisional plutonism developed throughout Turkey.
Metamorphic rocks, ophiolites, and magmatic
intrusions in central Anatolia are collectively called the
Central Anatolian Crystalline Complex (CACC; Figure
1) (Génciioglu et al., 1991). The CACC is confined by the
Tuzgoli fault to the west, the Ecemis fault to the east, and the
Izmir-Ankara-Erzincan suture to the north. The complex
also includes several metamorphic massifs (e.g., Kirsehir,
Akdag, and Nigde massifs) and disjoined ophiolites of
the Neotethyan convergence and it is surrounded on the
peripheries by a number of curvilinear sedimentary basins
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(e.g., Tuzgoli, Ulukusla, Cigekdagi, and Sivas basins) that
have been filled with marine and terrestrial sediments of
various age (Goriir et al., 1998).

According to Aydin et al. (1998) and Kadioglu et al.
(2006), the composition of Late Cretaceous magmatism
in the CACC changed from calc-alkaline to alkaline and
the relative input of mafic magma in the origin of the
magmatic rocks of the complex increased with time. They
also suggested that magmatism shows temporal variations
in composition varying from granite to syenite; the latter
is further subdivided into silica-oversaturated/saturated to
silica-undersaturated suites. Kadioglu et al. (2006) grouped
the Late Cretaceous magmatic rocks in the CACC into
granite, monzonite, and syenite supersuites. The granitic
rocks comprising larger plutonic bodies are generally
found in western and northern sections of the complex,
whereas monzonite and syenite plutons are exposed in the
middle part (Figure 1).

There are two contrasting suggestions for the
geodynamic setting of CACC magmatic rocks. According
to Boztug (1998), Yalmiz et al. (1999), Koksal et al.
(2001, 2004), Boztug et al. (2003, 2007), and Ilbeyli et al.
(2004), central Anatolian granitoids formed in a syn- to
postcollisional geodynamic setting associated with the
closure of the {zmir-Ankara-Erzincan ocean. On the other
hand, Kadioglu et al. (2006) proposed that Late Cretaceous
plutonic rocks in central Anatolia were emplaced following
the obduction of Tethyan ophiolites and therefore their
evolution preceded the continental collision in the

region. The dating of magmatism in central Anatolia was
practiced in several studies. The resulting ages vary in a
wide range from 58.7 Ma (Cankili monzonite; Boztug and
Harlavan, 2008) to 84.1 Ma (AgagOren granite; Koksal et
al., 2012). The geochemical and geochronological data
from the plutonic rocks in the CACC indicate both syn-
and postcollisional magmatism. The central Anatolian
plutons host several ore deposits, which comprise skarn
and various polymetallic mineralizations (e.g., Pb-Zn,
Fe, and Fe-W skarns) (Erler and Bayhan, 1998; Kuscu
and Erler, 1998), some of which are associated with vein
fluorite deposits (Geng, 2006; Kog et al., 2007; Sasmaz and
Yavuz, 2007).

3. Sampling and analytical methods

All fluorite and host rock samples were collected from
exposed veins (Figures 2a-2d), except for the Cankili and
Akgakent deposits, where samples were taken from mine
shafts.

Fluid inclusion analysis was performed using a Linkam
THMSG-600 model liquid nitrogen freezing-heating stage
installed on a Leica DM 2500M polarizing microscope at
the fluid inclusion laboratory of the Geology Department
of Ankara University. The temperature range of the
stage is from —-196 °C to 600 °C. The stage was calibrated
with pure synthetic HO and H,0-NaCl synthetic fluid
inclusion standards at temperatures of -56.6 °C, -21.2
°C, -10.7 °C, 0.0 °C, and 374.1 °C. The accuracy of the

homogenization temperature (Th, ) is 4.0 °C, the H,O

Figure 2. Geology maps of studied fluorite deposits: a) Bayindir, Yeniyapan, and isahocali deposits (from Kog et al., 2007); b)
Aligar deposit (from Ozgeng et al., 2009); ¢) Akgakent deposit (from Yilmaz and Boztug, 1998); and d) Péhrenk deposit (from

Geng, 2006).
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final melting ice temperature (Tm,,, ) is £0.1 °C, and the
H,0-NaCl eutectic temperature (Te) is +0.8 °C. Fluid
inclusion assemblages were described using the criteria
of Roedder (1984). Inclusion types were petrographically
determined prior to measurements. A total of 19 doubly
polished wafers prepared from fluorite were used for the
determinations. During the measurements, a vast majority
of the inclusions homogenized into liquid phase and no
boiling was recognized. Since fluorite veins were formed
as open space-filling and the emplacement depth of
mineralizing fluids is uncertain, presumably a minimum
overburden would be sufficient to prevent boiling
during the vein formation. Therefore, homogenization
temperatures are assumed to be close to the trapping
temperatures, necessitating little or no pressure correction
(e.g., Hein et al., 1990).

Trace element analysis of samples was carried out
at ACME Analytical Laboratories, Canada, by ICP-
MS method with detection limit ranging from 0.01 to
0.05 ppm. Samples (0.25 g split) were heated in nitric,
hydrochloric, and hydrofluoric acids to fuming and taken
to dryness. The residue was dissolved in HCI.

%7Sr/%Sr compositions of fluorites and magmatic rocks
were analyzed at the central laboratories of Middle East
Technical University using the protocols and procedures
described by Koksal and Gonctioglu (2008). Strontium
was separated in Teflon columns in 2.5 N HCI with 2 mL
of Bio-Rad AG50 W-X12, 100-200 mesh resin. The REE
fraction was collected from Sr cation exchange columns
with 6 N HCI after Sr was separated. Strontium was
loaded on single Re-filaments with a Ta-activator and
0.005 N H,PO, and measured in static mode. Sr ratios
were normalized to *Sr/®¥Sr = 0.1194. Sr isotope ratios
were measured using a Thermo-Fisher Triton thermal
ionization mass spectrometer, and standard errors were
presented at 2-sigma level. During the analysis St NBS 987
standard was measured as 0.710251 + 8 (n = 3).

8180 (relative to VSMOW), 6°C - 8O (relative to
VPDB), and 6*S (relative to VCDT) analyses of quartz,
calcite, and barite-pyrite were measured at the GNS
Science Laboratory, New Zealand. A laser fluorination line
was used for silicates (with analytical precision of 0.1%o)
and the GVI Isoprime mass spectrometer coupled with
AquaPrep was used for carbonates (with precisions of
0.3%o0 and 0.1%o for §°C and §'*0) and sulfur phases (with
analytical precision of 0.3%o).

4. Geologic and mineralogical characteristic of fluorite
deposits

Fluorite samples were collected from the Bayindir,
Yeniyapan, Isahocali, Alisar, Péhrenk, and Akcakent
deposits in the Kirsehir district and the Cankili deposit
in the Yozgat district (Figure 1; Table 1). Except for the
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Bayindir, Yeniyapan, Isahocali, and Alisar deposits,
fluorite ores in all other mineralizations are currently
being exploited. The studied deposits are hosted in alkaline
magmatic rocks such as syenite and monzonite with the
exception of the Péhrenk deposit, where fluorite occurs
within limestone.

Metamorphites of the Kirsehir Massif consisting of
schist, marble, quartzite, and metachert form the basement
in the Kaman area (Kursehir district) (Seymen, 1981).
They are intruded by the Bayindir syenite pluton (69.8 Ma;
Kadioglu et al., 2006), which is composed of orthoclase,
plagioclase, amphibole, melanite, clinopyroxene,
nepheline, and/or cancrinite. Fluorite mineralizations
within this pluton formed in three different deposits: the
Yeniyapan, Bayindir, and Isahocali deposits extending
from west to east (Figure 2a). The Bayindir and Yeniyapan
deposits, located ~250 m apart from each other, occur as
two separate bodies along an E-W-trending normal fault
cutting the Bayindir syenite. Fluorite ore was produced
previously from a gallery and from a disused shaft (Figure
3a). The total length of deposits is approximately 500
m. Fluorite ores are exclusively of the vein-filling type,
occurring within NW- and NE-extending, steeply dipping
fracture sets (Figure 3b).

Fluorite crystals occur in different colors; dark
purple (violet) and green fluorites are the main varieties
(Figure 3c). In mineralized veins fluorite is commonly
accompanied by quartz. In addition to monomineralic
veins, fluorite crystals also form concentric growth
banding. Purple fluorites always occur as single veins,
whereas green fluorites are rhythmically banded with
purple fluorites, evidently reflecting changes in vein-
fluid composition with time (Figure 3d). Mineralizations
are usually irregular along any given vein and pinch out
in short distances. Fluorite veins in the Bayindir area
have surface extents ranging from 5 to about 25 m and
thicknesses varying from a few centimeters to 20 cm
(Figure 3c). No significant cross-cutting relation was
recognized for the veins.

The Isahocali deposit is located nearly 4 km east of the
Bayindir-Yeniyapan deposits (Figures 1 and 2a). Fluorite
veins within the Bayindir syenite are observed in several
small-scale pits previously operated. In this deposit, veins
vary in width from 1 to 2 cm. Although rare, lenticular
fluorite veins with thicknesses of about 50 cm also occur
(Figure 3e). In such veins, massive precipitates of purple
fluorites are banded and intensely silicified and are locally
separated by slivers of host rock. In some veins fluorite
and quartz are precipitated in a crystal mesh, implying a
cogenetic relationship between these two minerals (Figure
3f).

Zoned purple fluorites and fluorite crystal packets are
entirely surrounded by massive quartz crystals (Figure 4a)



COSANAY et al. / Turkish J Earth Sci

Table 1. Locations of studied fluorite deposits with fluorite type and host-rock data.

Deposit name | Sample no. Sample type Latitude (N) Longitude (E)
BYDI-1/1 Purple fluorite 33°49'55" 39°24'29"
BYD1-1/21 Purple fluorite 33°49'55" 39°24'29"
BYD1-1/22 Green fluorite 33°49'55" 39°24'29"
BYD2-1/1 Purple fluorite 33°49'55" 39°24'29"
BYD2-1/2 Green fluorite 33°49'55" 39°24'29"
BYD3-1 Purple fluorite 33°49'58" 39°2429"
BYD3-2 Green fluorite 33°49'58" 39°24'29"
BYD-3/1 Purple fluorite 33°49'58" 39°24'29"
BYD-4/1 Purple fluorite 33°50'10" 39°24'29"
= BYD-4/2 Purple fluorite 33°50'10" 39°24'29"
§< BYD-5/1 Purple fluorite 33°50'09" 39°24'31"
-; BYD-5/2 Green fluorite 33°50'09" 39°24'31"
-i BYD-6 Purple fluorite 33°50"21" 39°24'30"
Cg BYD-10 Syenite 33°52'08" 39°24'41"
Isahocali ISA-3 Purple fluorite 33°53'07" 39°25'26"
ALI-3/2 Purple fluorite 34°06'15" 39°25'16"
ALI-4 Purple fluorite 34°06'03" 39°25'15"
53" .g ALI-3/1- Calcite 34°06'59" 39°24'19"
< 3 ALI-10 Nepheline syenite 34°06'15" 39°25'16"
AKC-1/1 Purple fluorite 34°06'29" 39°39'31"
AKC-1/2 Green fluorite 34°06'29" 39°39'31"
AKC-1/3 Green fluorite 34°06'06" 39°39'36"
AKC-2/1 Green fluorite 34°06'34" 39°39'55"
= AKC-2/2 Green fluorite 34°06'34" 39°39'55"
% 'g AKC-6 Green fluorite 34°01'32" 39°39'03"
é < AKC-10 Syenite 34°06'39" 39°39'29"
Cankili CAN-1 Green fluorite 34°41'09" 39°33'09”
deposit CAN-10 Monzonite 34°40'47" 39933'00"
PHR-1/1 Yellow fluorite 34°27'16" 39°26'44"
v PHR-2/1 Yellow fluorite 34°28'23" 39°26'17"
;:’ g PHR-2/2 Yellow fluorite 34°28'23" 39°26'17"
£ 3 PHR-10/2 Limestone 34°°28'23" 39°26'17"

or in some cases crystals with well-formed cleavage planes
are cut by silica veins (Figure 4b). Because of pervasive
hydrothermal alteration, most probably during the fluorite
deposition, nepheline in syenite has been replaced by
muscovite (Figures 4c and 4d). Silicification, kaolinization,
and hematitization are the major alterations recognized
along the crack zones.

The Alisar deposit is located on Buzlukdag Hill, 20 km
east of the Kaman area (Figures 1 and 2b). Fluorite veins

occur within the Buzlukdag intrusion (60.2 Ma; Boztug
and Jonckheere, 2007), which is a silica-undersaturated
alkaline syenite (Figure 5a) with mineralogical composition
similar to that of the Bayindir pluton (Deniz and Kadioglu,
2016). The syenite intruded Paleozoic metamorphic rocks
composed mainly of schist, gneiss, and marble. The
normal faults that cut the intrusives are predominantly
NE-SW and subordinately NW-SE trending. The pluton is
also frequently cut by felsic and mafic dykes that extend
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(@) (b)

() (d)
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Figure 3. a) E-W striking normal fault in the Bayindir syenite; note the mine shaft at the center (looking from east). b) Main
gallery excavated in syenite; fluorite veins within NW- and NE-extending fracture sets (looking from north). ¢) View of dark
purple fluorite vein in the Bayindir syenite. d) Rhythmic banding of purple and green fluorites. e) Steeply dipping lenticular
fluorite veins in the Yeniyapan deposit. f) Hand specimen showing cogenetic precipitation of fluorite and quartz in a crystal mesh
(Isahocali deposit).



COSANAY et al. / Turkish J Earth Sci

(a)

F
Quartz Quartz

500 pum

(©)

(b)

Fluorite

Silification

500pum

L ]

Figure 4. Photomicrographs for the textural properties of fluorite: a) zoned fluorite surrounded by interlocking quartz crystals
(F: fluorite) and b) fluorite with prominent cleavage plane cut by silica veinlets, ¢) pervasive alteration in Bayindir syenite
changing nepheline to muscovite (light green), d) Raman spectrum of muscovite mineral shown in (c).

nearly parallel to the faults. Several skarn facies (e.g.,
pyroxene-scapolite  skarn,  garnet-scapolite-pyroxene
skarn, garnet-vesuvianite skarn) occur from the marble
contact toward the syenite (Ozgeng et al., 2009). Fluorite
veins are recognized at the western part of the intrusive.
Purple fluorites form drusy veins or coatings on the walls
of fractures (Figure 5b), which are intensely kaolinized
and hematitized. Veins are irregular and have widths
of 1-2 cm. Quartz and rare calcite are the main gangue
minerals (Figure 5¢), accompanied by minor vein pyrite
(Figure 5d).

The Akgakent deposit is located in the Cicekdag:
igneous complex (Figures 1 and 2c), which is composed
of ophiolites, calc-alkaline series, alkaline series, and
late alkaline dykes (Deniz et al., 2015; Deniz, 2016). The

igneous rocks of felsic and mafic compositions intruded
the ophiolites. The calc-alkaline series are generally
composed of monzonite and monzodiorite, whereas the
alkaline series consists of syenites and feldspathoid-bearing
gabbros. Basalts represent the late alkaline series. U-Pb
dating of zircons yielded crystallization ages of 73 to 78 and
74 Ma for calc-alkaline and alkaline series, respectively,
indicating that they are in coexistence and may have
contemporarily originated from the same sources. The age
of basalts from late alkaline series is dated at 63 Ma by the
Ar-Ar method (Deniz et al., 2015). The fluorite deposits
occur along several NW-SE extending normal faults at the
contact between syenite and gabbro around the Egrialan
site, 2 km north of the town of Akcakent (Figure 2c).
Although Akgakent fluorite veins have been well reported
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Figure 5. a) Photograph of Buzlukdag syenite, host rock Alisar deposit; b) fluorite coatings on host rock syenite; ¢) quartz and
fluorite association in a vein; d) pyrite formed on the wall of veins.

in previous studies (e.g., Yaman, 1985), we recognized
that all the open pits had been abandoned and all that was
left behind was the boulders of host rock with indistinct
fluorite veins. The presence of brecciation points to unrest
episodes of veins after their infill. Fluorite mostly in green
color and quartz constitute the main mineral assemblage.
Fluorite samples used in the present study were collected
from a mine shaft that reached to a depth about 30 m.

Farther east, the Cankili deposit is located in the
Yozgat district (Figure 1). Cankili fluorites are hosted in
monzonites. Like the Ak¢akent deposit, the ore is mined
underground at a depth of about 25 m. The veins are
typically zoned; the thin quartz, less than 0.5 cm thick,
makes up the central part of the vein, while multicolored
fluorite occurs as layers immediately adjacent to vein walls.
Calcite is the most common gangue mineral.

The Pohrenk deposit is situated on the southern
margin of the E-W extending Cigekdag1 igneous complex

(Figure 1). The complex is encircled by Upper Cretaceous
ophiolites and Paleocene magmatic rocks to the north
and Paleozoic metamorphic rocks of the Kirsehir Massif
to the south (Sengdr and Yilmaz, 1981). In the region,
metamorphics are unconformably overlain by Eocene
sediments with thickness of more than 100 m, which are
composed of basal conglomerate, turbiditic sandstone,
platform limestone, and marls interlayered with carbonate
rocks (Figure 2d) (Geng, 2006). The Eocene sediments are
covered by terrestrial deposits consisting of conglomerate,
mudstone, and marl-siltstone. The fluorite deposits in the
Pohrenk area occur along two major NE-SW and NW-SE
extending normal faults that mark the boundary between
Eocene nummulitic limestones and Miocene marl-siltstone
(Figure 2d). A number of pits more than 20 m across and
3-5 m in depth were opened on the foot wall of the fault
at the south along the village road. Another group of pits
was excavated on the hanging wall of the second fault to
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the north. In the area, Eocene limestone and the overlying
Miocene marl-siltstone contain various modes of fluorite
mineralizations. Karstification of limestone that later
silicified provided suitable open space for fluid migration
and thus precipitation of ore minerals. The karstic voids
are up to 1 m across and host pure coarsely crystalline
euhedral yellow fluorite (Figure 6a). Collapse of karstic
cavities in the limestones formed a breccia system, which
is generally cemented by milky white quartz and dirty
yellow fluorites (Figure 6b). Sharp orthorhombic crystals
of tabular bladed barites in dull white color with length of
0.2 to 1 cm occur in a vug within the silicified limestone
(Figure 6¢). Brecciated zones are slightly fractured and
oxidized (Figure 6d).

5. Results

5.1. Rare earth element geochemistry
Total rare earth + Y contents (XREY) of central Anatolian
fluorites vary within a wide range from to 24 to 693

(a)

()

ppm (Table 2). ZREY contents of dark purple and green
fluorites are 32 to 442 ppm (average: 98 ppm; n = 13) and
89 to 693 (average: 233 ppm; n = 10), respectively. In the
general sense, the chondrite-normalized REY patterns
of green fluorites (Figure 7a) are slightly more flat than
those of purple fluorites (Figure 7b) and the enrichment
level of REY (particularly MREEs and HREEs) is almost
an order of magnitude greater for the green fluorites. REY
concentrations of green fluorites gently descend from La
to Sm and then slightly ascend from Eu to Y and continue
with a slight decrease across the HREEs. REY contents
of purple fluorites also follow a similar trend with the
exception that the downward trend from La to Eu is much
sharper (Figure 7b). REY abundances of yellow fluorites are
slightly lower than those of both purple and green fluorites
and display nearly a flat pattern with a distinct positive
Y anomaly (Figure 7c). Yttrium anomalies recognized in
green and yellow fluorites may indicate replacement of
calcium by this element (Fleischer, 1969). The apparent

(b)

(d

Figure 6. Various types of fluorite deposits recognized at Pohrenk: a) coarsely crystalline fluorite crystals in karstic
voids of Eocene limestone, b) brecciated host rock cemented by silica, ¢) orthorhombic crystals of tabular bladed barites
in a vug within silicified limestone, d) slightly fractured and oxidized brecciated zones.
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Figure 7. Chondrite normalized (McDonough and Sun, 1995) REY patterns: a) green fluorites, b) dark purple fluorites, c) yellow

fluorites, d) host rocks.

difference in the degree of enrichment of REY contents
may indicate that fluorites of all colors were precipitated
from different hydrothermal fluids.

LREE contents of host rocks are significantly higher
than all fluorite types (Figure 7d). Samples from Bayindir
(BYD-10), Cankili (CAN-10), Akgakent (AKC-10), and
Buzlukdag (ALI-10) magmatic rocks are represented by
XREY concentrations notably greater than fluorites except
for Pohrenk limestone (PHR-10/2), which has the lowest
REY content among the whole dataset. Yellow fluorites
collected from the Pohrenk deposit clearly imprint the
REY-depleted character of host limestones in this region
(Figures 7c and 7d). One calcite sample collected from the
Alisar deposit generally follows the same trend as the host
rocks (Figure 7b). It is clear from REY data that the source
of the hydrothermal solution, which formed the fluorite
mineralizations, cannot be a simple leaching from host
magmatic rocks.

5.2. Fluid inclusion studies

Microthermometric measurements were conducted on a
total of 191 primary, secondary (occurring mostly along
the crystal growth zones), and pseudosecondary inclusions

hosted in fluorite. The results are summarized in Table 3
and shown as histograms in Figure 8. Primary inclusions
in fluorites are irregularly shaped, cubic, rectangular, or
tabular. The secondary inclusions have rounded or oval
shapes (Figures 9a-9c¢). Inclusions have lengths varying in
a wide range from 5 to 140 pm and rarely show a necking-
down structure.

Except for a small number of P6hrenk samples, which
homogenized into the vapor phase, the vast majority of
inclusions (~98%) homogenized into the liquid phase
upon heating. The ice-melting temperatures (Tm-ice) were
converted to salinity using data for the H O-NaCl system
(Bodnar, 1993). The studied inclusions contain no solid
phase (salt or daughter mineral) and no sign of boiling was
recognized. In all the samples, inclusions are two-phase
(L-V) at room temperature (Figure 9d).

For the Bayindir, Yeniyapan, Isahocali, and Alisar
deposits, measurements were carried out on primary
(n = 67) and pseudosecondary (n = 18) inclusions in
fluorite (green and purple), which yielded a wide range
of homogenization temperatures of 95 to 205 °C and 102
to 181 °C, respectively. The majority of inclusions from

11
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Figure 8. Histograms for homogenization temperatures and salinities of primary (p), secondary (s), and pseudosecondary (ps)

fluid inclusions within fluorites.

the Bayindir fluorites were distributed at 120-180 °C,
although populations with lower (80-120 °C) and higher
temperatures (180-220 °C) from the Alisar, Isahocali,
and Yeniyapan fluorites were also recorded. Salinities of
primary inclusions from the Bayindir fluorites are in the
range of 0 to 12 wt.% NaCl equiv., whereas Alisar and

Yeniyapan inclusions have salinities up to 14 wt.% NaCl
equiv (Table 3; Figure 8). The decrease in Th values shows
cooling of mineralizing fluid.

Regarding the Akcakent deposit, measurements were
carried out on both primary (n = 13) and pseudosecondary
(n = 11) inclusions trapped only in green fluorite.

13
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Figure 9. Photomicrographs of fluid inclusions (taken at room temperature): a) a cubic two-phase primary fluid inclusion in
fluorite, b) irregular two-phase primary inclusion in fluorite, ¢) pseudosecondary two-phase inclusions in fluorite, d) primary
two-phase inclusions in fluorite. FI = Fluid inclusion; L = liquid; V = vapor.

Homogenization temperatures of the inclusions vary
in a wide range from 147 to 240 °C. The last ice melting
temperatures are within the range of -8 to 0 °C, which
estimates salinities of 0 to 11.7 wt.% NaCl equiv. These
values are slightly lower than the upper range of the
Bayindir inclusions (14 wt.% NaCl equiv.).

For the Cankili deposit, fluid inclusion measurements
were conducted on primary (n = 17), secondary (n = 4),
and pseudosecondary (n = 15) inclusions hosted in green
fluorites. Inclusions were homogenized into liquid phase
at temperatures in the range of 128 to 198 °C. Excluding
only one measurement, the homogenization temperatures
of inclusions do not exceed 200 °C (Table 3; Figure 8).
Low homogenization temperatures of inclusions are
accompanied by low salinities ranging from 0 to 6.2 wt.%
NaCl equiv.

Fluid inclusion measurements for the Péhrenk deposit
were carried out on primary (n = 39), secondary (n = 4),

14

and pseudosecondary (n = 5) inclusions in yellow fluorites.
Homogenization temperatures of primary inclusions vary
in a broad range (99 to 292 °C) and are greater than those
of both secondary (86 to 153 °C) and pseudosecondary
(117 to 133 °C) inclusions. Salinities estimated are also
in a wide range from 5 to 12.9 wt.% NaCl equiv. for
pseudosecondary inclusions, 2.4 to 9.9 wt.% NaCl equiv.
for secondary inclusions, and 0 to 20 wt.% NaCl equiv.
for primary inclusions (Table 3; Figure 6). Among the
studied fluorites, high homogenization temperatures (up
to 292 °C) recorded for primary inclusions from Pohrenk
fluorites are consistent with the data of Uras (2007) (78
to 363 °C) but lower than temperatures reported by Geng
(2006) (58 to 154 °C).

5.3. Sr-Nd isotope data

Sr concentrations of dark purple fluorites are within the
range of 85 to 978 ppm (average: 305 ppm), whereas those
of green fluorites vary from 56 to 379 ppm (average: 210
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ppm). Yellow fluorites have the lowest Sr contents with an
average of 63 ppm (Table 2). Host rocks of each deposit,
except for the Baymndir area, have slightly higher Sr
concentrations.

Sr/%Sr values of fluorite samples vary in a narrow
range from 0.707627 to 0.709380 (Table 4). One calcite
sample from the Alisar deposit (¥Sr/**Sr = 0.707916)
and host rocks from the Alisar (¥Sr/*Sr = 0.708783) and
Cankilr (¥Sr/*Sr = 0.709733) areas were also analyzed
for comparison. Sr isotope compositions do not show a
systematic variation among fluorites of different colors.
Only one yellow fluorite sample from the Pohrenk deposit
(0.707627) and two purple fluorite samples from Alisar
(0.708232 and 0.707832) yielded the lowest % Sr/*Sr
ratios. The host monzonite from Cankili has the highest
Sr isotope composition (0.709733) in the entire dataset.
Kadioglu and Deniz (2015) recently reported *Sr/*Sr
values of 0.69799-0.70218 and 0.68727-0.69517 from
purple and green fluorites from Bayindur, respectively.

A moderate correlation exists between ¥Sr/*Sr and 1/
Sr (ppm) values (Figure 10a). It is noticeable that Sr isotope

compositions of host rocks from the Alisar and Cankili
areas are within the range of fluorite samples. However,
Sr concentrations of syenite and calcite samples from the
Alisar area are noticeably higher than those of fluorites.

Nd isotope analysis was conducted on a limited
number of fluorite samples only from the Bayindir deposit.
"Nd/"*Nd values of samples fall in a narrow range from
0.512366 to 0.512681 (Table 4). Unlike Sr isotopes, Nd
isotope ratios display two distinct clusters: green fluorites
are represented by higher *Nd/"**Nd values (0.512676 to
0.512681) than the purple fluorites (0.512366 to 0.512548)
(Figure 10b). Similarly, Nd concentrations of the two
datasets are also different. Dark purple fluorites have lower
Nd contents (1.7 to 12.6 ppm) compared to green fluorites
(17.6 to 18.8 ppm; Table 2).

5.4. Stable isotopes

Stable isotope compositions of various minerals occurring
in fluorite deposits are presented in Table 5. 8O values
of quartz from the Bayindir, Yeniyapan, and Akg¢akent
deposits vary from 10.6%o to 15.4%o (vs. VSMOW). 6"*C
and 8'8O values of calcites collected from the Alisar and

Table 4. Sr-Nd data for central Anatolian fluorite deposits.

Fluorite type Sample no. 87Sr/%Sr BNd/"*Nd
BYDI1-1/1 0.709240 + 25 0.512536 + 04
BYD1-1/21 0.708857 £ 11 0.512539 £ 21
BYD2-1/1 0.708678 + 08 0.512548 + 24
BYD3-1 0.708894 + 14 0.512374 £ 05
BYD-3/1 0.708993 + 18 0.512396 + 4
BYD-4/1 0.708654 + 12 0.512406 £ 13
BYD-4/2 0.709380 + 23 0.512366 + 14
BYD-5/1 0.708682 £ 12 n.a.
° BYD-6 0.708675 £ 13 n.a.
g" ISA-3 0.709030 + 15 n.a.
i ALI-3/2 0.708232+19  |na.
a ALIL-4 0707832+12  |na.
BYD2-1/2 0.708888 + 19 0.512676 + 04
BYDI1-1/22 0.708975 + 21 0.512681 + 04
BYD3-2 0.709266 + 18 0.512678 £ 03
BYD-5/2 0.708286 + 17 n.a.
g AKC-2/1 0.709237 £ 29 n.a.
% CAN-1 0.708248 + 27 n.a.
Yellow PHR-2/2 0.707627 + 26 n.a.
Calcite ALI-3/1 0.707916 = 07 n.a.
Syenite ALI-10 0.708783 + 19 n.a.
Monzonite CAN-10 0.709733 + 05 n.a.
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Figure 10. a) ¥’Sr/*Sr vs. 1/Sr (ppm) diagram for fluorite and host
rock samples (red circles); b) *Nd/"*Nd vs. Nd (ppm) diagrams
for Bayindir fluorite samples.

Cankil1 areas are —3.22%o to -0.39%o0 (vs. VPDB) and
9.87%o to 13.05%o (vs. VSMOW), respectively. According
to Geng (2006), the carbon isotope composition of fluid
inclusion waters from the Pohrenk fluorite deposit are
-41.7%o0 to —36.0%o0 (vs. SMOW) and 8D-6'%0 values are
in the range of —-42%o to -33%o and -6.1%o to —2.5%o,
respectively.

Oxygen isotope compositions of quartz are slightly
greater than the magmatic range proposed by Taylor
(1967). Carbon isotope compositions of calcites are within
the range of marine carbonates (-3%o to +3%o: Hoefs, 1987;
Clark and Fritz, 1997). §"0 values of calcite samples are
slightly higher than the magmatic source but significantly
lower than marbles (~30%o; Bowman et al., 1985), which
may be attributed to continuous prograde reactions in the
country rocks promoted by pluton-derived fluids (e.g.,
Orhan et al,, 2011).
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6*S values of pyrites (-2.9%o to 0.2%o; VCDT) from the
Alisar and Akgakent deposits indicate a magmatic origin
(~0%o). On the other hand, sulfur in barites collected from
the Pohrenk deposit shows diverse compositions. The
6*S of sample PHRBI (20.3%o0) most probably signifies
a marine source (10%o to 35%o; Clark and Fritz, 1997),
whereas the sulfur isotopic composition of sample PHRB2
(5.5%0) may be explained by a mixing of sulfur from
marine and terrestrial sources (=15%o to 10%o; Clark and
Fritz, 1997).

6. Discussion

6.1. Significance of REE data

Fluorite is one of the best minerals to examine REE
fractionation in fluorine-rich hydrothermal solutions (Bau
and Dulski, 1995). Fractionation of REEs could be tested
using various diagrams based on REE ratios. Yttrium,
as a pseudolanthanide, behaves in a similar manner as
holmium since the ionic radii of these elements are very
similar and both occur in the trivalent oxidation state. If
REEs in a sample are not fractionated, the Y/Ho and La/
Ho ratios should be constant. On the contrary, cogenetic
fluorites that are not precipitated simultaneously may
yield a negative correlation between Y/Ho and La/Ho. Y/
Ho ratios of central Anatolian fluorites (from 20 to 115),
except for two samples, are higher than the chondritic
ratio of 28 (Bau and Dulski, 1995) (Figure 11a). Variation
in La/Ho is almost two orders of magnitude greater than
that for Y/Ho, which is attributed to either crystallization
of a LREE-enriched phase in the hydrothermal system
or partial removal of a LREE-enriched phase during the
fluorite formation. Furthermore, positive Y anomalies
recognized in most of samples indicate Y-Ho fractionation,
which is probably not a source-related event but mostly
depends on fluid composition. It is noticeable that the
studied fluorites comprise two groups: green fluorites
with a LREE-enriched pattern and purple fluorites with a
LREE-depleted pattern. Yellow fluorites from the Phrenk
deposit with low La/Ho ratios also accompany the green
fluorites (Figure 11a).

According to Moller et al. (1981), Tb/Ca and Tb/La
ratios are very helpful to depict various steps of fluorite
crystallization. In Figure 11b, both the Tb/Ca and the
Tb/La of samples show an increasing trend, indicating a
progressive REE fractionation with fluorite formation.
Therefore, lower points correspond to early stages
of mineralization whereas upper points with higher
fractionation represent the late stage. Regarding Tb/
Ca and Tb/La ratios, all fluorite samples except one are
distributed in the hydrothermal field. Samples from the
Pohrenk deposit are plotted close to the boundary between
hydrothermal and sedimentary fields since the Pohrenk
mineralization formed in a sedimentary environment. In
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Table 5. Stable isotope compositions of gangue minerals (%o) in central Anatolian fluorite deposits.

(O] 5C 58S
Deposit Sample no. Mineral (VSMOW) (VPDB) (VCDT)
Bayindir BYDS1 Quartz 14.30
Yeniyapan BYDS5 Quartz 15.40
Akgakent AKCS1 Quartz 10.60
Akgakent AKCS6 Quartz 13.50
Aligar ALIC3 Calcite 13.05 -3.22
Cankili CANCl1 Calcite 9.87 -0.39
Akgakent AKCP1 Pyrite 0.2
Aligar ALIP1 Pyrite -2.9
Pohrenk PHRBI1 Barite 20.3
Pohrenk PHRS2 Barite 5.5

Figure 11b, samples are categorized into subgroups: purple
fluorites (more pronounced for Bayindir samples), which
crystallized at the beginning of mineralization, and green
fluorites, which precipitated in a later phase. Ak¢akent
and Pohrenk fluorites with an almost parallel trend in
Tb/La and a constant position in Ta/Ca are indicative
of secondary crystallization. During remobilization
of fluorite, all HREEs stay in solution whereas mobile
elements (e.g., La) undergo ion exchange with solid phases
(Moller et al., 1976).

Among the REEs, Ce and Eu occurring in multiple
valences yield information on the oxidation state of
mineralizing fluids. Reduction of Eu** to Eu** under
euxinic conditions at temperatures exceeding 250 °C
results in positive Eu anomalies and oxidation of Ce under
high oxygen fugacities produces negative Ce anomalies
since Ce** is adsorbed on oxyhydrates (Moller et al., 1981).
Eu/Eu* and Ce/Ce* ratios of central Anatolian fluorites,
computed to estimate the magnitude of the Ce and Eu
anomalies (Taylor and McLennan, 1985), vary in a wide
range from 0.48 to 1.18 and 0.51 to 1.41, respectively (Table
2). If these ratios are assessed with respect to the color of
fluorites, green fluorites (Eu/Eu* = 0.82 to 1.18 and Ce/Ce*
=0.91 to 1.10) are found to have a narrow range compared
to purple fluorites (Eu/Eu* = 0.57 to 1.16 and Ce/Ce*
= 0.51 to 1.41). All but only three of the samples show
negative Eu anomalies. This may imply the existence of
Eu?* and low oxygen fugacities. In other words, Eu did not
substantially substitute Ca in fluorite. Unlike Eu, half of the
fluorite samples are represented by negative Ce anomalies.
This indicates that both high and low oxidizing conditions
prevailed at an equal rate at the site of crystallization. Any
Ca-bearing mineral such as calcite, which precipitated
from mineralizing fluid, could result in a negative Ce
anomaly. On the other hand, a positive Ce anomaly in

samples might be attributed to two processes (Sanchez et
al., 2010): the Ce content of the fluids was already Ce**-
enriched prior to fluorite formation (inherited anomaly)
and reduction of Ce* to Ce’" at the site of deposition,
increasing the Ce content of fluid to be incorporated into
fluorite.

6.2. The source of mineralizing fluid

Homogenization temperatures measured in fluorites vary
in a wide range from 86 to 292 °C with an average of 165
°C, indicating a low-temperature array for hydrothermal
solutions. The highest temperatures and salinities recorded
from yellow fluorites from Poéhrenk might be due to the
deeper circulation of hydrothermal waters.

Oxygen isotope data on quartz minerals collected from
the Bayindir and Akgakent fluorite veins can be used to
estimate the 8'®O value of mineralizing fluid. Assuming
a temperature value of 200 °C for the vein growth (since
quartz controls the silica saturation at temperatures
greater than 180 °C; Fournier, 1991), fluid in equilibrium
with quartz is found to have oxygen isotope composition
varying from —1.6%o to 3.2%o (Clayton et al., 1972). These
values, even at the upper limit of the calculated range,
are significantly lower than those proposed for magmatic
waters (e.g., Taylor, 1978) and also slightly higher than
meteoric waters. This may be attributed to the interaction
of surface-derived fluids with 'O-enriched rocks at
moderate temperatures under hydrothermal conditions.
According to Geng (2006), §'*O values of fluid inclusion
waters measured in fluorites from the Pohrenk deposit
vary from -6.1%o to —2.5%o, which are close to the central
Anatolia meteoric water line and slightly overlap with
the oxygen isotope composition of formation waters
(Sheppard, 1994). Variation in §'*0O values might explain
the presence of multiphase precipitation in the veins. The
sulfur isotope composition of pyrites in the Ak¢akent and
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Figure 11. a) Y/Ho vs. La/Ho (Bau and Dulski, 1995) and b) Tb/
Cavs. Tb/La (Moller et al., 1981) diagrams for the samples.

Alisar deposits falls in the magmatic range. This clearly
indicates that the mineral precipitation in these areas was
contributed by a distinct pulse of magmatic fluids.

The Sr-Nd isotope systematics of the Bayindir fluorite
samples are conformable with that of the Bayindir syenite
(Ilbeyli et al., 2004) (Figure 12). This may imply that
hydrothermal fluids progressively reacted with the host
syenite until they became entirely equilibrated. There may
also be a possibility that the Sr in mineralizing fluids and
Bayindir syenite originated from a similar source region.
However, these arguments cannot be tested for other
fluorite deposits since Sr-Nd isotope data are not available.
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The homogeneous "*Nd/**Nd values of the samples
indicate that fluids were equilibrated with the host rock
through dissolution-precipitation and isotope exchange
reactions. Given that the equilibration rate of Nd is slower
than that of Sr, the observed Sr-Nd isotope systematics may
imply that there was sufficient time for the equilibrium to
proceed. If this is the case, studied fluorite veins had to
be precipitated in a long period of time after the syenite
emplacement. However, this does not rule out the
possibility that mineralizing fluids and Bayindir syenite
were derived from a similar source.
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Figure 12. ¥Sr/%Sr vs. "*Nd/"“Nd diagram for Bayindir green
and purple fluorite samples (squares). Sr-Nd isotope data on
magmatic rocks (circles) are from Ilbeyli et al. (2004) and Deniz
etal. (2015).

7. Conclusions

Fluorite veins in central Anatolia, except for the Péhrenk
deposit, which is hosted in limestone, were formed in
alkaline magmatic rocks such as syenite and monzonite.
The veins typically contain fluorite, quartz, and calcite that
are accompanied by minor pyrite in Alisar and Akgakent
and barite in Pohrenk deposits. Fluorite occurs in various
colors (green, purple, and yellow) and shows banding. Total
rare earth + Y contents of fluorites vary in a wide range
from 24 to 693 ppm. Although LREE patterns are similar,
the MREE + HREE contents of green fluorites are about
10-fold higher than those of purple and yellow fluorites
and host rocks as well. This implies multiple sources for
the mineralizing fluids. Rare earth element ratios reveal
significant fractionation and suggest that purple fluorites
were crystallized at an earlier stage than green fluorites.
Eu/Eu* and Ce/Ce* ratios imply that precipitation took
place under low oxygen fugacities. Microthermometric
measurements of fluid inclusions of fluorite yielded a
broad range for homogenization temperature (86-292
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