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1. Introduction
Given their unique chemical and physical characteristics, 
rare earth elements (REEs) are critical elements and 
vital components for dozens of high-tech industries 
including the production of solar panels, electric vehicles, 
computers, and smartphones (Goodenough et al., 2018). 
Although REE deposits occur in many geological settings 
and various rock types such as carbonatites, hydrothermal 
deposits, alkaline to peralkaline igneous rocks, weathered 
ion adsorption clay deposits, and heavy mineral placers 
(e.g., Chakhmouradian and Wall, 2012; Kynicky et al., 2012; 
Jaireth et al., 2014; Nikiforov et al., 2014; Goodenough 
et al., 2018; Öztürk et al., 2019a; Zheng and Lui, 2019), 
they are mainly mined from two mineral-deposit types 

in China (Verplank, 2017), which are carbonatite-related 
(e.g., Bayan Obo; Zhang et al., 2017; Chen et al., 2019) and 
ion adsorption clay deposits (e.g., Yang et al., 2013; Fu et 
al., 2019). Therefore, carbonatites are significant target 
rocks for REE exploration activities and are associated 
with unique chemical and mineralogical characteristics 
that include high concentrations of Nd and Sr (e.g., Bell 
and Simonetti, 2010), and >50 % of carbonate minerals 
(Wooley and Kempe, 1989). 

Carbonatites may form in different tectonic settings 
(Woolley, 1989) including continental rifts (e.g., East 
African; Simonetti and Bell, 1993), and oceanic plates 
(e.g., Cape Verde Islands; Hoernle et al., 2002; Kogarko 
et al., 2009), and orogenic belts (e.g., British Columbia, 
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western Canada, and Miaoya Complex, central China; 
Millonig et al., 2012; Mitchell et al., 2017; Çimen et al., 
2018, 2019). In Europe, the main REE metallogenetic 
provinces include the Gardar Province of south-west 
Greenland, the Protogine Zone in southern Sweden, the 
Kola Alkaline Province, and the Oslo Rift in Norway 
that are associated with alkaline silicate and carbonatite 
magmatism, and most likely occurred within extensional 
tectonic settings (Goodenough et al., 2018). Apart from the 
intracontinental rift zones, potential REE deposits may also 
form by magmatic and hydrothermal activity in orogenic 
belts (e.g., Loch Loyal Syenite Complex, Caledonides; 
Walters et al., 2013; Goodenough et al., 2018). REEs may 
also be concentrated by hydrothermal processes based 
on theoretical and experimental studies (Williams-Jones 
et al., 2012; Li and Zhou, 2018). Hydrothermal processes 
are mainly associated with carbonatites and peralkaline 
silicate rocks and include REE abundances at the weight 
percent concentration levels (Williams-Jones et al., 2012). 
There are several REE deposits worldwide, which may have 
formed as a result of coupled magmatic and hydrothermal 
processes (e.g., Sin Quyen Deposit, Northwestern 
Vietnam, Li and Zhou, 2018; the Nechalacho deposit, 
Northwest Territories, Canada; and the Strange Lake 
deposit in Québec-Labrador, Canada; Williams-Jones et 
al., 2012 and references therein).

A section of the Alpine–Himalayan orogenic belt is 
located in Turkey, which formed by the agglomeration of 
several terranes or continental micro-plates (e.g., İstanbul 
Zonguldak, Sakarya and Anatolide Tauride) during the 
closure of different branches of the Tethyan Ocean (e.g., 
Şengör and Yılmaz, 1981; Göncüoğlu et al., 1997). Although 
there are significant occurrences of REE mineralizations 
in Turkey (e.g., Eskişehir-Kızılcaören, Malatya-Kuluncak, 
Sivas-Karaçayır), there is still no consensus on the 
petrogenesis of the mineralization in these regions due 
to the limited number of previous studies and scarcity 
of geochemical and radiogenic and stable isotope data. 
Based on a report (in Turkish) published by the General 
Directorate of Mineral Research and Explorations (MTA) 
in 2017, the Kızılcaören deposit has ~4 million tons of 
REEs with an average grade of ~3% among these deposits. 
Thus, it is clear that Turkey has enough REE deposits to 
establish a secured and uninterrupted supply of REEs, 
which are critical for burgeoning high-tech activities. 
However, the geological and mineralogical characteristics 
of these REE deposits must be fully understood and 
investigated since beneficiation methods are specifically 
developed for each deposit, and based on properties 
including mineralogy, grain size and textures (Jordens et 
al., 2013; Goodenough et al., 2018). Therefore, for the first 
time, this study reports combined trace element, stable (B, 
C, and O) and radiogenic (Nd, Pb, and Sr) isotope data 

from the Eskişehir-Kızılcaören and the Malatya-Kuluncak 
deposits in order to investigate possible links to carbonatite 
magmatism and decipher the sources of the ore-forming 
melts/fluids.

2. Geological setting 
2.1. Eskişehir-Kızılcaören deposit, northwestern Turkey
The Eskişehir-Kızılcaören deposit is located in 
northwestern Turkey and includes fluorite-bastnäsite-
barite mineralization (Figure 1). The mineralization has 
been reported as ~4.67 Mt of REEs (Ce+La+Nd+Y) at 
an average grade of 2.78 wt% (Kaplan, 1977; Öztürk et 
al., 2019a), which represents the most significant REE-
type deposit in Turkey. This deposit was found in 1959 
conducting aerial gamma-ray spectrometry due to Th-
based radioactivity (Gültekin et al., 2003). It is located 
north of İzmir-Ankara-Erzincan Suture Belt (IAESB) and 
within the Karakaya Complex of the Sakarya Composite 
Terrane (SCT; Okay and Göncüoğlu, 2004), which includes 
mostly crustal rocks (e.g., Sayit and Göncüoğlu, 2009), and 
accretionary units of the Paleotethyan Ocean (e.g., Çimen 
et al., 2017). The Triassic Karakaya Complex, which 
consists of deformed and metamorphosed volcanic and 
clastic units (Okay and Göncüoğlu, 2004), is tectonically 
thrusted over by oceanic fragments of the IAESB. The 
Triassic clastic sequence of the upper Karakaya Complex 
in the mineralization area (Figure 2A) is mostly composed 
of metagreywacke and metaarkose, and a lesser amount of 
mudstone/shale interbeds, and limestone blocks (Gültekin 
et al., 2003).

The Karakaya Complex and oceanic crust fragments 
(serpentinized ultramafic rocks) are cut and overlain 
by alkaline magmatic rocks such as phonolite, trachyte, 
sporadic dike-shaped bodies of carbonatites and 
carbonate–silicate rocks, and stockwork zones of 
bastnaesite–barite–fluorite ore (Figure 2A; e.g., Gültekin 
et al., 2003; Sarıfakıoğlu et al., 2009; Nikiforov et al., 
2014). The alkaline silicate rocks, phonolite (about 500 
m in diameter) and trachyte, outcrop in the south of 
mineralized area and cut the ophiolitic rocks (Nikiforov 
et al., 2014). The phonolites are partly altered light 
pinkish-grey and composed of sanidine, clinopyroxene, 
feldspathoid, analcime, and volcanic glass (for detailed 
mineralogy of phonolite and trachyte, see Sarıfakıoğlu 
et al., 2009). Carbonatites and carbonate–silicate rocks 
form irregularly shaped bodies within zones of tectonic 
breccias, whereas the mineralization is composed of 
porous medium- to coarse-grained bastnaesite-barite-
fluorite-rich veins in localized crush zones or tectonic 
and volcanic (?) breccia (for detailed field descriptions 
and mineralogy, see Nikiforov et al., 2014). The remaining 
associated minerals are calcite, quartz, psilomelane, 
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Figure 1. (A) Tectonic map of Turkey (modified from Boztuğ et al., 2007), and (B) Distribution of the Miocene to Quaternary magmatism 
in north-western Turkey (modified from Ersoy et al., 2012), and Createcous-Paleocene collisional granitoids in east-central Turkey 
(modified from Boztuğ et al., 2007). NAFZ: North Anatolian Fault Zone, EAFZ: East Anatolian Fault Zone, DSFZ: Dead Sea Fault Zone, 
IAESZ: Izmir-Ankara-Erzincan Suture Zone, GVP: Galatia Volcanic Province, BSZ: Bitlis-Zagros Suture Zone.
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pyrolusite, goethite, pyrite, hematite, braunite, plagioclase 
feldspar, rutile, and phlogopite (Gültekin et al., 2003). The 
thicknesses of carbonatite dikes vary between 1.0 and 1.5 
m (Özgenç, 1993). It must be noted that Ersoy et al. (2018) 
reported the presence of carbonatite lava flows in the field. 
Also, the alkaline metasomatism (e.g., fenitization) in the 
host rocks of the carbonatites has been reported by Öztürk 
et al. (2019a). Radiometric age dating results obtained 
from sanidine phenocrysts (Ar/Ar method) in phonolite 
and phlogopite crystals (K-Ar method) in carbonatite 
indicate that the alkaline magmatism occurred in the 
late Oligocene-early Miocene time (around 24-25 Ma; 
Sarıfakıoğlu et al., 2009; Nikiforov et al., 2014).
2.2. Malatya Kuluncak deposit, east-central Turkey
The Malatya-Kuluncak deposit is located in east-central 
Turkey and associated with the late Cretaceous-early 
Paleocene postcollisional intrusive rocks (Figure 1). In this 
region, the postcollisional intrusive rocks (Hasançelebi, 
Başören-Malatya) are situated in the Eastern Tauride 
Platform (Özgenç and İlbeyli, 2009), and may belong to 
the Central Anatolian collisional granitoids (Figure 1; 
Boztuğ et al., 2007, 2009). In the study area, the upper 
Cretaceous–lower Paleocene Karapınar limestone and 
Kızılkaya ophiolitic rocks represent the basement (Figure 
2B; Özgenç and İlbeyli, 2009). The Başören plutonic rocks 
form as small stocks and are mainly composed of syenite, 
quartz syenite, and rare monzonite, and cut by pegmatitic, 
mafic, and aplitic dykes (Özgenç and İlbeyli, 2009). The 
late-Cretaceous Karapınar limestone is intruded by these 
stocks and hosts the F-REE-Th mineralization that formed 

in contact zones (Figure 2B). Leo et al. (1974) reported an 
early Paleocene age data (K-Ar; 65 Ma) from an alkaline 
syenite in the Başören region, whereas Boztuğ et al. (2009) 
published Ar-Ar ages of 72 and 77 Ma from the Kuluncak 
Pluton. In addition, these rocks are overlain by a middle-
upper Miocene volcanic and sedimentary sequence, 
which includes mostly pyroclastic units, olivine-phyric 
basalts and andesitic lavas (Özgenç and İlbeyli, 2009). The 
radiometric ages from the volcanic rocks, which include 
basalt, andesite, and dacite range between 14 and 19 Ma 
(Leo et al., 1974). Özgenç and Kibici (1994) and Özgenç and 
İlbeyli (2009) defined carbonatite-hosted fluorite deposits 
in the region and the term “carbonatite-associated” has 
also been adopted by recently published studies (Öztürk 
et al., 2019a, b). Özgenç and İlbeyli (2009) suggested that 
carbonatite (as ring dykes) could have formed as a result of 
the last stage intrusive activity that caused the fenitization 
(up to 200 m wide) of the syenites, and formation of small 
quantities of britholite (contains 57% REE) and fluorite. 
Here, the other associated mineral phases are bastnäsite, 
apatite, siderite, calcite, and quartz (Öztürk et al., 2019a). 
It should be noted that Leo et al. (1974) did not observe 
any field evidence for carbonatite occurrences.

3. Mineralogical and textural characteristics
In the Kızılcaören deposit, the carbonatite is composed of 
mostly fine-grained calcite and includes a minor amount of 
barite, phlogopite, and Fe-Mn hydroxides (Figures 3A and 
3B). In the samples investigated here, the phenocrysts are 
represented by phlogopite, barite, and Fe-Mn hydroxides 

Figure 2. Geological maps of the (A) Eskişehir-Kızılcaören region (modified after Nikiforov et al., 2014) and (B) the Malatya-Kuluncak 
region (modified after Özgenç and İlbeyli, 2009).
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Figure 3. Micro-XRF images for carbonatite (A, B) and fluorite-bastnaesite (C, D) samples from the Eskişehir-Kızılcaören deposit, 
and thin section (E, F) and back scatter electron (G, H) images for a mineralized vein from the Malatya-Kuluncak deposit. Cal: Calcite, 
Fe-Mn Hy: Iron and manganese (hydr)oxides, Phl: Phlogopite, Brt: Barite, F: Fluorite, Bst: Bastnaesite, HA: Hydrothermally Altered Si: 
Silica, REM: Rare Earth Mineral.
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in a calcite matrix and are characterized by subhedral to 
euhedral shapes. Moreover, minor and accessory phases 
of apatite, pyrochlore, and parisite have been identified in 
carbonatite samples (Nikiforov et al., 2014). The fluorite-
bearing sample (Tur-2f) is characterized by its purple color 
and contains a significant amount of Ce- bastnaesite and 
barite crystals, which have anhedral to subhedral shapes 
(Figures 3C and 3D). The phonolite displays porphyritic 
texture and the phenocrysts are characterized by feldspar 
and pyroxene crystals set within a fine-grained matrix. 
Gültekin et al. (2003) and Nikiforov et al. (2014) report 
the detailed mineralogy of the silicate rocks, carbonatites, 
and ore mineralization within the Kızılcaören deposit. The 
carbonate rocks of the Kuluncak deposit are composed 
of medium- to coarse-grained calcite, which show well-
defined rhombohedral crystal outlines (Figures 3E and 3F). 
These calcite crystals have been impacted by hydrothermal 
alteration, which resulted in the crystallization of Si-phases, 
fluorites, rare earth minerals, Th-rich phases, and Mn 
hydroxides (Figures 3G and 3H). In addition, secondary 
Mn-veins cut the carbonate rocks in the field. The syenite 
exhibits porphyritic texture and consists predominantly of 
K-feldspar, clinopyroxene, phlogopite, and feldspathoid 
(for detailed mineralogy, see Leo et al., 1978).

4. Analytical methods
The semiquantitative chemical maps illustrated in Figure 
3 were procured using an Edax Orbis µ-XRF instrument 
at the Center for Environmental Science and Technology 
(CEST), University of Notre Dame. The operational 
conditions for the instrument: amplifier time of 12.8 µs, 
fluorescent energy of 32 kV, and beam size of 30 µm. The 
mineral identification and back-scattered electron (BSE) 
images were performed by a CAMECA SX-50 electron 
microprobe (EMP) at the same university. The EMP 
instrument conducted with an accelerating voltage of 
15kV, 10nA of beam current, and 15 µm of beam diameter. 
Calcite, fluorite, bastnaesite, and manganese separates 
were obtained from the samples by hand-picking using 
a binocular microscope. Trace element concentrations 
(Table 1) were obtained via solution (wet plasma)-mode 
analysis performing a Nu Plasma AttoM (high resolution) 
HR-ICP-MS instrument.

The δ18O and δ13C isotope data for carbonate and 
bastnaesite separates reported in this study (Table 2) 
were procured using a Delta V Advantage isotope ratio 
mass spectrometer at CEST. B, Sr, Nd, and Pb isotope 
ratio measurements (Tables 3 and 4) were determined via 
solution-mode on a Nu Plasma- II multi-collector-ICP-
MS housed within Midwest Isotope and Trace Element 
Research Center, University of Notre Dame. Çimen et al. 
(2018, 2019) reports detailed information in relation to 
the analytical procedures employed in this study for the 

determination of trace element abundances, and stable 
and radiogenic isotope analyses.

5. Results 
5.1. Trace element geochemistry
Trace element concentrations for samples from the 
Eskişehir-Kızılcaören and the Malatya-Kuluncak deposits 
are reported in Table 1. The chondrite-normalized (CN)-
REE pattern for carbonatite sample (Tur-1) from the 
Kızılcaören deposit (La/Lu(CN) = 137.08; Table 1) displays 
a distinct enrichment in LREEs over HREEs, which is 
similar to those for carbonatites worldwide (Figure 4A). 
In contrast, the carbonate separates for samples Tur-4, 
Tur-5, Tur-6, and Tur-7c from the Kuluncak deposit show 
similar enrichment in LREEs over HREEs (La/Lu(CN) = 
19.18–320.06) coupled with slight negative Eu anomalies 
(Eu/Eu*=0.57–0.76; 2EuCN/[(SmCN + GdCN)]); these LREE 
enrichment levels and TREE contents (5.13 to 55.88 
ppm) are much lower than those for typical carbonatites 
worldwide (Figure 4B). Apart from the carbonate rocks, 
the bastnasite (Tur-2b), fluorite (Tur-2f), and phonolite 
(Tur-3) samples from the Kızılcaören deposit exhibit 
similarly sloped CN-REE patterns, but plot at different 
LREE enrichment levels over HREEs (Figure 4C). For the 
Kuluncak deposit, the fluorite (Tur-8f) and syenite (Tur-
9) samples show similar CN-REE patterns (enrichment 
in LREEs over HREEs) coupled with slight negative Eu 
anomalies; in contrast, the Mn-rich sample (Tur-7m) 
displays enrichments in LREEs and HREEs over middle 
REEs (Figure 4D). The B content is ≤ 1 ppm (Table 1, 0.36 
ppm) for the carbonatite sample from the Kızılcaören 
deposit, which is consistent with those for asthenosphere-
derived, mid-ocean ridge basalts (e.g., MORBs; Spivack 
and Edmond, 1987; Wunder et al. 2005; Marschall et al., 
2017), and mantle-derived carbonatites (Hulett et al., 2016; 
Çimen et al., 2018, 2019). However, the carbonate rocks 
from the Kuluncak deposit clearly have higher B contents 
(ranging from 1.57 to 7.54 ppm; Table 1) than those from 
fresh MORBs and typical for carbonatites worldwide.
5.2. Stable isotope signatures
Oxygen and carbon stable isotope data for carbonatite 
(Tur-1), bastnasite (Tur-2b), and carbonate (Tur-4, 5, 
6, 7c) rock samples from the Kızılcaören and Kuluncak 
deposits are listed in Table 2. The δ18OSMOW (‰) and 
δ13CPDB (‰) values change between +20.23 ‰ and +30.61 
‰, and –3.56 ‰ and +1.43 ‰, respectively, and plot 
outside and to the right of the field for “primary igneous 
carbonatites (PIC)” (Keller and Hoefs, 1995; Figure 5). 
The δ11B (‰) value for the carbonatite sample from the 
Kızılcaören deposit is –6.83 ±0.5 ‰ and overlaps (given 
its associated uncertainty) with value for asthenospheric 
mantle (approximately –7.1 ±0.9 ‰; Marschall et al., 
2017). In contrast, the δ11B signatures (+5.38 ‰ to +6.89 
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‰) of carbonate rocks from the Kuluncak deposit yield 
much higher values than typical MORB mantle, and plot 
outside of the field defined by pristine, mantle-derived 
carbonatites worldwide (Figure 6; Hulett et al., 2016; 
Çimen et al., 2018, 2019).

5.3. Radiogenic isotope characteristics
The Sr, Nd, and Pb isotope data for carbonate separates and 
silicate rocks from the Eskişehir-Kızılcaören and Malatya-
Kuluncak deposits are listed in Tables 3 and 4, and shown 
in Figures 6–8. The ages of 25 Ma (for the Kızılcaören 

Table 1. Trace element concentrations (ppm) for samples from the Eskişehir-Kızılcaören and Malatya Kuluncak 
deposits.

  Eskişehir-Kızılcaören deposit Malatya Kuluncak deposit

Sample Tur-1 Tur-2b Tur-2f Tur-3 Tur-4 Tur-5 Tur-6 Tur-7c Tur-7m Tur-8f Tur-9 

Sc  1.24 0.48 0.12 0.24 0.08 0.16 0.10 0.07 0.01 0.01 0.02
V   37.2 10.3 7.78 7.26 0.42 0.33 0.31 0.48 1.05 0.23 0.19
Cr  0.27 0.15 b.d. 0.76 0.16 0.12 0.07 0.04 b.d. 0.21 0.15
Co  0.38 b.d. 0.06 0.10 0.17 0.17 0.15 0.14 0.10 0.02 0.01
Ni  2.52 0.37 0.63 0.68 3.23 2.92 3.12 3.09 0.53 0.96 0.96
Cu  0.91 3.10 2.19 0.40 0.60 1.07 0.85 0.55 0.71 0.67 0.21
Zn  170 47.1 25.4 48.3 8.71 26.7 5.77 15.4 14.1 13.4 36.0
Rb  1.21 0.10 0.06 15.05 0.58 0.37 0.71 0.19 0.23 13.4 30.8
Sr  335 353 394 119 199 187 266 192 15.6 168 17.9
Y   45.3 51.1 16.68 2.53 2.06 1.23 2.09 1.29 4.22 36.9 9.17
Zr  4.13 5.58 3.21 2147 0.53 0.54 0.24 0.29 0.74 3.78 13.5
Nb  44.7 3.51 6.41 23.0 0.32 0.17 0.35 0.15 0.34 4.82 12.5
Mo  3.23 2.17 6.74 0.12 0.81 1.84 0.42 0.34 0.61 0.08 0.07
Cs 0.07 0.01 0.01 2.05 0.06 0.03 0.08 0.02 0.01 0.34 7.33
Ba 589 3089 8073 222 10.4 7.3 27.2 21.7 16.5 4.69 32.3
La 840 60212 233 46.6 2.82 1.50 26.9 3.33 1.28 176 36.0
Ce 27831 7661 710 49.7 2.35 2.22 23.4 3.24 1.88 454 57.9
Pr 246 1216 21.1 3.78 0.22 0.18 1.32 0.24 0.18 30.9 5.16
Nd 753 1808 44.4 10.7 0.68 0.67 3.14 0.73 0.61 75.5 15.8
Sm 89.9 39.0 2.45 1.14 0.11 0.11 0.33 0.10 0.10 6.99 2.14
Eu 17.5 5.59 0.41 0.27 0.02 0.03 0.07 0.02 0.02 1.14 0.42
Gd 35.6 16.11 1.78 0.63 0.13 0.10 0.27 0.10 0.12 4.52 1.81
Tb 2.99 1.24 0.15 0.08 0.02 0.02 0.04 0.02 0.02 0.54 0.29
Dy 12.1 7.41 0.88 0.43 0.16 0.12 0.20 0.10 0.26 2.81 1.76
Ho 2.08 1.86 0.22 0.09 0.04 0.03 0.05 0.02 0.08 0.58 0.40
Er 5.00 5.61 0.72 0.24 0.12 0.08 0.14 0.07 0.33 1.34 0.91
Tm 0.70 0.87 0.11 0.04 0.01 0.01 0.02 0.01 0.06 0.13 0.11
Yb 4.77 5.40 0.82 0.31 0.09 0.05 0.09 0.04 0.31 0.55 0.49
Lu 0.66 0.75 0.12 0.04 0.01 0.01 0.01 0.01 0.03 0.04 0.04
Hf 0.04 0.06 0.03 2.23 0.01 0.01 0.01 0.00 0.01 0.03 0.19
Pb 242 12.3 14.0 24.5 119 46.7 23.9 1.81 10.9 11.2 6.86
Th 41.3 212 20.4 29.2 0.17 0.32 0.21 0.27 0.09 2.16 10.80
U  14.6 86.7 3.56 11.04 0.47 0.89 0.37 0.92 0.53 0.21 5.08
B 0.36 n.a. n.a. n.a. 2.29 2.21 7.4 1.57 n.a. n.a. n.a.

Note: b.d.=below detection limit; n.a.=not analyzed
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deposit; Delaloye and Özgenç, 1983; Sarıfakıoğlu et al., 
2009; Nikiforov et al., 2014) and 65 Ma (for the Kuluncak 
deposit; Leo et al., 1974) have been adopted for the age 
corrections of the measured Sr, Nd, and Pb isotope ratios. 
The magnitude of the age correction of the measured 
87Sr/86Sr ratios (0.70584 to 0.70803; Table 3) is minimal due 
to the low 87Rb/86Sr values (0 to 0.365) and relatively young 
ages of both complexes with exception of the syenite sample 
(87Rb/86Sr= 4.985) from the Kuluncak deposit. While the 
Sr(i) isotope values for samples from the Kızılcaören deposit 
are tightly constrained between 0.70584 and 0.70586, the 
samples from the Kuluncak deposit show slightly more 
radiogenic Sr(i) isotope values (0.70720 to 0.70788). The 
143Nd/144Nd(i) ratios vary between 0.51224 and 0.51257 for 
all samples based upon the low 147Sm/144Nd ratios (~0.013 to 
~0.099; Table 3). The 143Nd/144Nd(i) isotope ratios (0.51255 

to 0.51257) for samples from the Kızılcaören deposit yield 
ƐNd (25Ma) values of –0.7 to –1.2 (Table 3, Figure 7A). In the 
Kuluncak deposit, Tur-5 sample is characterized by a lower 
initial 143Nd/144Nd value (0.51224) than the remaining 
samples (0.51241 to 0.51253), and the corresponding ƐNd 
(65Ma) values for all samples vary between –0.5 and –6.2 
(Table 3, Figure 7A). All samples from the Kızılcaören 
and Kuluncak deposits define a fairly restricted range of 
206Pb/204Pb (18.85 to 19.42), 207Pb/204Pb (15.70 to 15.77), 
and 208Pb/204Pb (39.09 to 39.83) ratios (Table 4; Figure 7B). 
Moreover, Tur-2b sample (bastnasite) is characterized by 
higher 206Pb/204Pb and 208Pb/204Pb ratios compared to the 
other samples, whereas Tur-7c sample (hydrothermally 
metasomatized limestone) has slightly higher 206Pb/204Pb 
ratio than rest of the samples (Figure 8). Since the U/
Pb ratios are very small (0.04–0.746), except for Tur-2b 

Table 2. C, O, and B isotope data for carbonate samples from the Eskişehir-Kızılcaören 
and Malatya Kuluncak deposits.

Sample δ13C (‰) uncertainty δ18O (‰) uncertainty δ11B (‰) *

Tur-1 1.43 0.04 20.23 0.05 –6.83
Tur-2b –3.56 0.39 20.94 0.83 n.a.
Tur-4 –0.75 0.03 29.71 0.04 5.86
Tur-5 –0.63 0.03 30.61 0.05 5.38
Tur-6 –0.64 0.06 27.36 0.04 6.89
Tur-7c –0.14 0.02 29.15 0.03 6.72

*: Uncertainty associated with B isotope ratios is ±0.5‰ (2s level) based on replicate 
analyses of coral in-house standard (see text for details). n.a.=not analyzed

Table 3. Sr and Nd isotope data for samples from the Eskişehir-Kızılcaören and Malatya Kuluncak deposits.

Sample Rb
(ppm)

Sr
(ppm)

87Rb/
86Sr

87Sr/
86Sr 2σ

87Sr/
86Sr (i)

Sm
(ppm)

Nd
(ppm)

147Sm/
144Nd

143Nd/
144Nd 2σ

143Nd/
144Nd (i)

ƐNd
(t)

Tur-1 1.21 334 0.0105 0.70605 0.00001 0.70605 89.9 753 0.072 0.51256 0.00001 0.51255 –1.1
Tur-2b 0.10 353 0.0008 0.70596 0.00002 0.70596 39.0 1808 0.013 0.51257 0.00001 0.51257 –0.8
Tur-2f 0.06 393 0.0004 0.70584 0.00001 0.70584 2.45 44.4 0.033 0.51258 0.00001 0.51257 –0.7
Tur-3 15.1 119 0.365 0.70649 0.00001 0.70636 1.14 10.7 0.064 0.51256 0.00001 0.51255 –1.2
Tur-4 0.58 199 0.0084 0.70742 0.00001 0.70741 0.11 0.68 0.097 0.51248 0.00001 0.51244 –2.3
Tur-5 0.37 186 0.0057 0.70752 0.00001 0.70752 0.11 0.67 0.099 0.51228 0.00001 0.51224 –6.2
Tur-6 0.71 266 0.0077 0.70746 0.00001 0.70746 0.33 3.14 0.063 0.51248 0.00001 0.51245 –2
Tur-7c 0.19 191 0.0036 0.70759 0.00001 0.70759 0.10 0.73 0.082 0.51245 0.00001 0.51241 –2.7
Tur-7m 0.23 15.6 0.0428 0.70792 0.00001 0.70788 0.10 0.61 0.099 0.51257 0.00001 0.51253 –0.5
Tur-8f 13.4 168 0.230 0.70803 0.00001 0.70782 6.99 75.5 0.056 0.51250 0.00001 0.51248 –1.6
Tur-9 30.8 17.9 4.985 0.71181 0.00001 0.70720 2.14 15.8 0.081 0.51253 0.00001 0.51249 –1.2

Please see the text for age correction. 87Rb/86Sr and 147Sm/144Nd values were calculated based on ICP-MS-determined elemental 
abundances and are associated with relative uncertainties of between 3% and 5% (2s level).
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(7.047); therefore, the age correction for the Pb isotopic 
ratios is minimal (Table 4).

6. Discussion
6.1. Origin of carbonate host rocks
As stated earlier, mantle-derived carbonatites contain 
high abundances of REEs, Sr, and volatiles (e.g., Jones et 
al., 2013), in particular, their TREE contents are distinctly 
higher than those for sedimentary carbonate (<200 ppm; 
e.g., Xu et al., 2010). The carbonatite sample from the 
Kızılcaören deposit displays a similar CN-REE pattern and 
enrichment level compared with worldwide carbonatite 
occurrences (Figure 4A), whereas the carbonate rocks 
from the Kuluncak deposit have much lower TREE 
contents (Figure 4B). Moreover, the B concentration 

of the carbonatite sample from the Kızılcaören deposit 
is consistent with those of fresh MORBs (Spivack and 
Edmond, 1987; Wunder et al., 2005) and most of igneous 
carbonatites (Hulett et al., 2016; Çimen et al., 2018, 2019), 
whereas the carbonate rocks from the Kuluncak deposit 
clearly have higher B contents (Table 1); this result is 
consistent with greater crustal involvement/contamination 
due to the overall higher concentration of an incompatible 
element such as B in crustal rocks (Marschall et al., 2017). 
Overall, the trace element data reported here indicate the 
presence of a significant sedimentary component to the 
carbonate for the Kuluncak deposit rather than mantle-
derived calcite.

 The δ18OSMOW (‰) and δ13CPDB (‰) signatures of 
igneous carbonates are commonly used as reliable tracers 

Table 4. Pb isotope data for samples from the Eskişehir-Kızılcaören and Malatya Kuluncak deposits.

Sample U
(ppm)

Pb
(ppm)

Th
(ppm)

238U/
204Pb

235U/
204Pb

232Th/
204Pb

206Pb/
204Pb 2σ

207Pb/
204Pb 2σ

208Pb/
204Pb 2σ

Tur-1 14.6 242 41.3 3.87 0.03 11.3 18.851 0.0010 15.698 0.0008 39.089 0.0023
Tur-2b 86.7 12.3 212 465 3.32 1178 19.922 0.0110 15.768 0.0087 39.826 0.0218
Tur-2f 3.56 14.0 20.4 16.5 0.12 97.7 19.104 0.0010 15.720 0.0010 39.378 0.0024
Tur-3 11.0 24.5 29.2 29.2 0.21 79.6 18.975 0.0006 15.734 0.0005 39.233 0.0013
Tur-4 0.47 119 0.17 0.25 0.002 0.10 18.971 0.0006 15.716 0.0005 39.116 0.0014
Tur-5 0.89 46.7 0.32 1.23 0.01 0.46 18.983 0.0012 15.715 0.0006 39.082 0.0016
Tur-6 0.37 23.9 0.21 1.01 0.01 0.60 19.029 0.0010 15.713 0.0009 39.061 0.0025
Tur-7c 0.92 1.81 0.27 33.2 0.24 9.95 19.749 0.0012 15.746 0.0010 39.095 0.0027
Tur-7m 0.53 10.9 0.09 3.17 0.02 0.53 19.071 0.0005 15.719 0.0004 39.114 0.0010
Tur-8f 0.21 11.2 2.16 1.22 0.01 12.9 18.955 0.0007 15.708 0.0006 39.212 0.0016
Tur-9 5.08 6.79 10.8 48.9 0.35 107 19.492 0.0010 15.733 0.0009 39.430 0.0023

Table 4. Pb isotope data for samples from the Eskişehir-Kızılcaören and Malatya Kuluncak deposits (continued).

Sample 207Pb/206Pb 2σ 208Pb/206Pb 2σ 206Pb/204Pb (i) 207Pb/204Pb (i) 208Pb/204Pb (i)

Tur-1 0.83 0.00002 2.07 0.00006 18.84 15.70 39.07
Tur-2b 0.79 0.00004 2.00 0.00008 18.11 15.69 38.37
Tur-2f 0.82 0.00001 2.06 0.00005 19.04 15.72 39.26
Tur-3 0.83 0.00001 2.07 0.00003 18.86 15.73 39.13
Tur-4 0.83 0.00001 2.06 0.00003 18.97 15.72 39.12
Tur-5 0.83 0.00005 2.06 0.00015 18.97 15.71 39.08
Tur-6 0.83 0.00001 2.05 0.00004 19.02 15.71 39.06
Tur-7c 0.80 0.00001 1.98 0.00004 19.41 15.73 39.06
Tur-7m 0.82 0.00001 2.05 0.00003 19.04 15.72 39.11
Tur-8f 0.83 0.00001 2.07 0.00003 18.94 15.71 39.17
Tur-9 0.81 0.00002 2.02 0.00003 19.00 15.71 39.08
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Figure 4. Chondrite-normalized rare earth element patterns for samples from the Eskişehir-Kızılcaören (A, C) and the Malatya-
Kuluncak (B, D) deposits. Chondrite values are from McDonough and Sun (1995). The gray field represents data for carbonate separates 
from the Miaoya complex (Central China, Çimen et al., 2018), and Blue River (British Columbia, Canada), Chipman Lake Carbonatite 
(Ontario,Canada), Jacupiranga (São Paulo State, Brazil) and Fen complex (Telemark, Norway) regions (Çimen et al., 2019).

Figure 5. Carbon and oxygen isotopic compositions for carbonate separates from the Eskişehir-Kızılcaören and the Malatya-Kuluncak 
deposits. Primary igneous carbonatites (PIC) and oceanic basalts boxes are from Deines (1989) and Keller and Hoefs (1995), respectively. 
Fields for carbonatites from worldwide sources and limestones adapted from Bell and Simonetti (2010). Symbols are the same as in 
Figure 4.
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in order to evaluate possible contamination/hydrothermal 
processes and mantle sources (e.g., Deines, 1989; Keller 
and Hoefs, 1995). The carbonate rocks from both deposits 
studied here have much heavier O and C isotope values 
than primary mantle-derived carbonatites (Figure 5; 
Keller and Hoefs, 1995), which may have been resulted 
from low-temperature alteration (e.g., Simonetti et al., 
1995), or might be indicative of their sedimentary origin 
(e.g., Tao et al., 2018). With regards to the carbonate rocks 
from the Kuluncak deposit, the O and C isotope data 
reported here confirm their sedimentary origin (Figure 
5), whereas the heavier O and C isotope values of the 

carbonatite sample from the Kızılcaören deposit may be 
attributed to hydrothermal metasomatism as evidenced by 
widespread secondary Fe-Mn occurrences in the deposit 
(e.g., Gültekin et al., 2003).

 Recently, Hulett et al. (2016) and Çimen et al. (2018, 
2019) have reported that combined boron isotope values 
with O, C, Sr,  Nd, and Pb isotope signatures provide 
significant insights into mantle source(s) and petrological 
evolution of carbonatite magmatism. Çimen et al. (2018, 
2019) demonstrate that the B isotope system in mantle-
derived carbonatite rocks is resistant and not easily 
affected by later tectono-thermal metamorphic events 

Figure 6. Diagrams of δ13C (A) and initial 87Sr/86Sr(i) (B) compositions vs δ11B values for carbonate separates from the the Eskişehir-
Kızılcaören and the Malatya-Kuluncak deposits. These are compared (gray field) to those for carbonatite occurrences worldwide (Hulett 
et al., 2016), the Miaoya complex (Central China, Çimen et al., 2018), and Blue River (British Columbia, Canada), Chipman Lake 
Carbonatite (Ontario, Canada), Jacupiranga (São Paulo State, Brazil) and Fen complex (Telemark, Norway) regions (Çimen et al., 2019 
and references therein). Sr isotope fields for HIMU, EMI and DMM are from Zindler and Hart (1986). Note that asthenospheric δ11B 
value of –7.1 ±0.9‰ (Marschall et al., 2017) is attributed to these three mantle components. δ13C values for PIC are from Deines (1989). 
Symbols are the same as in Figure 4.
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and late-stage hydrothermal processes. In this study, the B 
isotope value of –6.83 ±0.5 ‰ for the carbonatite sample 
from the Kızılcaören deposit is clearly consistent with 
generation from a typical, asthenospheric-like (MORB) 
mantle (Figure 6; Marschall et al., 2017), and supports its 
derivation from an upper mantle source. This is despite 
the fact that this sample has undergone hydrothermal 
metasomatic alteration as evidenced by its significantly 
heavier O and C isotope values compared to primary 
igneous carbonatites (Table 2, Figure 5). In contrast, the 
carbonate rocks from the Kuluncak deposit display much 
heavier B isotope values than MORB mantle (Figure 6), 
which confirms the sedimentary origin of these carbonates. 
It has been well established that marine sediments/
carbonates are characterized by enriched B isotopes (δ11B 

= +2 ‰ to +26 ‰; e.g., Izhikawa and Nakamura, 1993; 
Kaseman et al., 2009; Paris et al., 2010; De Hoog and Savov, 
2018).

 The Sr isotope data for the carbonate rocks from 
both deposits reported here are more radiogenic than 
those from carbonatites worldwide (Figure 7). While the 
Sr isotope data for carbonate rocks from the Kuluncak 
deposit indicate their crustal origin, the slightly more 
radiogenic Sr isotope value of the carbonatite sample 
from the Kızılcaören deposit (relative to carbonatites 
worldwide) could be attributed to hydrothermal 
metasomatism or contamination from host rocks (i.e. Sr-
rich and B-poor contaminant) since its B isotope signature 
is consistent with mantle-derived carbonatites (Figure 
6). The asthenospheric mantle-like B isotope signature 

Figure 7. Diagrams of initial 87Sr/86Sr(i) compositions vs ƐNd (A) and 206Pb/204Pb(i) (B) values for samples from the Eskişehir-Kızılcaören 
and the Malatya-Kuluncak deposits. HIMU, EMI and DMM fields are from Zindler and Hart (1986). These are compared (gray field) 
to those for carbonatite occurrences worldwide (Hulett et al., 2016) and Miaoya complex (Central China, Çimen et al., 2018), and 
Blue River (British Columbia, Canada), Chipman Lake Carbonatite (Ontario, Canada), Jacupiranga (São Paulo State, Brazil) and Fen 
complex (Telemark, Norway) regions (Çimen et al., 2019 and references therein). Symbols are the same as in Figure 4.



810

ÇİMEN et al. / Turkish J Earth Sci

for this carbonatite sample rules out both the presence 
of recycled crustal material in its upper mantle source, 
or a significant amount of crustal contamination during 
its petrogenesis. In recent studies, the positive or heavier 
(d11B > –7‰) B isotope values for pristine (i.e. plot within 
PIC field) carbonatites have been clearly attributed to the 
involvement of crustal material into their upper mantle 
source (Hulett et al., 2016; Çimen et al., 2018, 2019). 
Lastly, the Nd isotope signatures for all samples from both 
deposits indicate a significant involvement of continental 
crust (Figure 7A). This interpretation is also confirmed by 
their 207Pb/204Pb and 206Pb/204Pb isotope signatures since 
these plots above the average Pb isotope evolution curve 
for the upper crust (Figure 8A; Zartman and Doe, 1981). 
In Figure 8B, the samples mainly fall between the Pb 
isotope evolution curves for the upper crust and orogenic 

belts, which may reflect the Alpine orogenic event on the 
formation of rocks in both regions since Turkey is located 
in the Mediterranean sector of the Alpine-Himalayan 
orogenic belt (Göncüoğlu et al., 1997). Here, the Pb-
isotope ratio of Tur-2b clearly plots beyond 0-age points 
of reference curves, which may be attributed to its higher 
U/Pb ratio (Table 4) compared to the remaining samples.

 In summary, the combined chemical, stable, and 
radiogenic isotope data presented in this study confirm 
the occurrence of carbonatite-related magmatism in the 
Kızılcaören deposit, and do not indicate the presence of 
any mantle-derived carbonatite in the Kuluncak deposit.
6.2. Origin of mineralization and geodynamic constraints
In northwestern Turkey (Figure 1), the Eskişehir-
Kızılcaören deposit is associated with the late Oligocene-
early Miocene alkaline volcanic rocks (23-26 Ma, K-Ar, 
and Ar-Ar methods) including phonolite, trachyandesite, 
and trachyte (Delaloye and Özgenç, 1983; Stumpfl and 
Kırıkoğlu, 1986; Hatzle, 1992; Gültekin et al., 2003; 
Sarıfakıoğlu et al., 2009; Nikiforov et al., 2014). In a 
regional context, following the collision event between the 
Anatolide-Tauride Terrane and the Sakarya Composite 
Terrane that lasted from Late Cretaceous to Middle 
Eocene (Şengör and Yılmaz, 1981; Harris et al., 1994; Okay 
and Tüysüz, 1999), a widespread calc-alkaline to alkaline 
magmatism formed in western Anatolia (e.g., Dilek and 
Altunkaynak, 2007; Ersoy et al., 2012). Here, calc-alkaline 
magmatism (first magmatic episode) is represented by 
I-type granitoid and its volcanic equivalents that formed 
during the early to Late Eocene (54–35 Ma) as a result of 
slab breakoff-related asthenospheric upwelling and partial 
melting of the subduction-metasomatized lithospheric 
mantle (Altunkaynak et al., 2012 and references therein). 
The second magmatic episode in western Anatolia caused 
the formation of widespread I-type plutonic and associated 
volcanic rocks in syn-convergent extensional setting during 
the Late Oligocene to Middle Miocene (Altunkaynak et 
al., 2012). Similar to E-W trending faults developed in 
western Anatolia, in the Eskişehir-Kızılcaören region, 
the alkaline lavas were injected within local strike-slip 
faults in this extensional tectonic setting during the Late 
Oligocene-Early Miocene time, and they may have been 
generated from an enriched/metasomatized lithospheric 
mantle source (Sarıfakıoğlu et al., 2009). 

There are two different hypotheses proposed for the 
genesis of the Eskişehir-Kızılcaören deposit; a. REEs 
formed as a result of hydrothermal mineralization 
associated with the alkaline volcanism (e.g., Kaplan, 
1977; Gültekin et al., 2003). b. Carbonatite magmatism 
is responsible for the REE mineralization (Daleloye and 
Özgenç, 1983; Özgenç, 1993, Nikiforov et al., 2014). 
Moreover, the presence of carbonatite magmatism has 

Figure 8. Plots of 207Pb/204Pb vs. 206Pb/204Pb (A) and 208Pb/204Pb 
vs. 206Pb/204Pb (B) for samples from the Eskişehir-Kızılcaören 
and the Malatya-Kuluncak deposits. Trends for the upper crust 
(U), orogenic belt (O), mantle (M) and lower crust (L) are from 
Zartman and Doe (1981) and Zhou et al. (2016). Symbols are the 
same as in Figure 4.
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been hotly debated for some time since previous studies 
did not report combined radiogenic and stable isotope 
data from the host rocks. As discussed above, the chemical 
and B isotope data reported here indicate the presence of 
carbonatite-related magmatism for the Kızılcaören deposit. 
In addition, the CN-REE patterns and radiogenic isotope 
data for the carbonatite sample (Tur-1) are similar to those 
for associated bastnaesite, fluorite, and phonolite samples 
(Figures 4A and 4C), which may indicate generation from 
a common mantle source. 

In contrast, the Malatya-Kuluncak deposit is located in 
east-central Turkey (Figure 1) and associated with the Late 
Cretaceous-Early Paleocene alkaline magmatism (e.g., 65 
Ma, K-Ar, Leo et al., 1974; 72-77 Ma, Ar-Ar, Boztuğ et 
al., 2009; 71 Ma, U-Pb, Kuşcu et al., 2011), which formed 
in a postcollisional tectonic setting (e.g., Özgenç and 
İlbeyli, 2009; Kuşcu et al., 2011). In central Anatolia, the 
Late Cretaceous-Early Paleocene central (e.g., Karaçayır, 
Davulalan, Hayriye) and east-central (e.g., Murmana, 
Dumluca, Yellice, Kuluncak) Antolian collisional 
granioids intrude the central Anatolian ophiolite and 
metasedimentary units, and overlain by Late Paleocene 
and younger cover units (Boztuğ et al., 2007).  In the 
Malatya-Kuluncak region, the plutonic rocks represent 
the eastern part of the Central Anatolian Granitoids 
(Figure 1), and formed in an extensional setting following 
the collision of the Tauride-Anatolide Platform with the 
Central Anatolian Ophiolite and the Eastern Pontides, 
respectively (Boztuğ et al., 2009). It is suggested that the 
parental magmas for the alkaline rocks in east-central 
Anatolia were generated from a subduction-modified 
mantle source (Kuşcu et al., 2011), and also experienced 
with crustal assimilation and fractional crystallization 
processes (Özgenç and İlbeyli, 2009). In relation to the 
genesis of the Malatya-Kuluncak deposit, a carbonatite-
hosted/associated type mineralization has been proposed 
by several previous studies (Özgenç and Kibici, 1994; 
Özgenç and İlbeyli, 2009; Öztürk et al., 2019a, b); 
however, the presence of any carbonatite occurrences in 
the field have yet to be confirmed or corroborated on the 
basis of isotope data, field evidence (as dikes, plugs, sills, 
and lava), or petrographic observations. The combined 
chemical, stable, and radiogenic isotope data presented in 
this study, for the first time, indicate that the host rock to 
the mineralization within the Malatya-Kuluncak deposit 
consists of hydrothermally metasomatized limestone 
rather than any mantle-derived carbonatite. Moreover, 
back-scatter electron images and mineral chemistry data 
from a mineralized vein clearly reveal that the F-REE-Th 
phases were transported into the carbonates by Si-rich 
hydrothermal/magmatic fluids (Figures 3G and 3H). 

Overall, for the Kızılcaören deposit, the carbonatite-
related mineralization associated with alkaline magmatism 

could have formed in an extensional tectonic setting during 
the late Oligocene-early Miocene time. This geodynamic 
environment is consistent with the typical tectonic setting 
that hosts a majority of carbonatite complexes worldwide 
(e.g., East African Rift; Bell and Simonetti, 1996; Oslo 
Rift in Norway, Goodenough et al., 2018). Contrarily, 
the mineralization associated with the Late Cretaceous-
Early Paleocene alkaline magmatism from the Kuluncak 
deposit may have been generated in a postcollisional 
tectonic setting. This deposit may have been formed by 
a combination of magmatic and hydrothermal processes, 
as evidenced for similar REE-type deposits worldwide 
(e.g., Sin Quyen Deposit, Northwestern Vietnam, Li and 
Zhou, 2018; the Strange Lake deposit in Québec-Labrador, 
Canada; Williams-Jones et al., 2012 and references 
therein). 

7. Conclusions
The Eskişehir-Kızılcaören and Malatya-Kuluncak deposits 
represent the most important F-REE-Th mineralizations 
in Turkey. The combined trace element, stable, and 
radiogenic isotope data from these regions suggest that 
the host rocks to the F-REE-Th mineralization consist of 
hydrothermally metasomatized carbonatite and limestone, 
respectively. In this study, of particular note is the mantle-
like d11B isotope signature, enriched TREE, and low B 
content for sample Tur-1 (Eskişehir-Kızılcaören region), 
which support a petrogenetic link to upper mantle-
derived carbonatite magmatism. In summary, the REE 
mineralization associated with the Kızılcaören deposit 
may be attributed to carbonatite-related magmatism 
associated with alkaline rocks, whereas the mineralization 
occurring at the Kuluncak deposit may result from 
hydrothermal fluids/melts alteration associated with 
extensive postcollisional magmatism. The latter formed 
predominantly during contact metasomatism between the 
plutonic rocks and the limestone in the region. However, 
future studies should include investigation of additional 
samples from both deposits to better evaluate the exact 
origin of the REE-Th-F mineralization.
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