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Abstract

:

Carbonatite complexes and associated fenite zones are famous for their high-grade rare metal ores. The carbonatite–fenite complexes generally contain high concentrations of light rare earth elements (LREE), thorium (Th), and uranium (U). While most carbonatites are closely related to continental rift zones, some complexes can be observed in post-collisional tectonic environments. The Özvatan nepheline syenite–carbonatite complex is an example of post-collisional carbonatitic magmatism in Central Anatolia, Turkey. The magmatic suite is generally composed of silica-undersaturated ultra-alkaline rocks and carbonatite dikes accompanied by high-intensity fenite zones. The carbonatites of the complex are generally dominated by coarse-grained calcite minerals accompanied by fluorite phenocrysts and may also contain minor amounts of rock-forming silicate minerals. The metasomatic aureole zones (fenites) are mainly composed of euhedral nephelines, K-feldspars, aegirines, augites, and garnets. Carbonatites of the Özvatan complex show enrichments in Ca and F with depletion of alkaline (K and Na) elements. Carbonatites and fenite zones of the Özvatan complex host a variety of incompatible elements, including La, Ce, Nd, Th, U, and Nb. The isotopic composition and general geochemical properties of carbonatites in the study area represent mantle-derived carbonatites rather than crustal limestones/skarns.
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1. Introduction


Lanthanides, commonly referred to as rare earth elements (REE) are a total of 15 elements and have distinct physical and chemical properties. These elements are considered to be critical raw materials due to the increasing demand for information technologies, hybrid vehicles, and renewable energy production. The main light rare earth elements (La–Eu; LREE) sources of the world are carbonatite–alkaline complexes, for at least four decades. These complexes generally have significant enrichments in terms of niobium (Nb), uranium (U), thorium (Th), iron (Fe) as well as REE [1,2]. The carbonatite–alkaline complexes are generally emplaced during an extensional tectonic regime which formed in an over-thickened crust after a collisional subduction process [3,4,5]. However, some carbonatite intrusions can be observed in post-collisional tectonic settings [6,7,8,9,10]. Three main hypotheses about the origin of carbonatitic magma were widely accepted by the scientific community in recent years: (1) the carbonatitic phases may be derived from primary mantle melts [11,12,13] or from (2) the liquid immiscibility of carbonated silicate rocks [14,15]. (3) The extreme magmatic fractionation of a carbonated silicate melt concept is also gaining support among various researchers [16,17,18]. The mineralization, concentration, and distribution of the REE in carbonatite–alkaline complexes are generally controlled by both magmatic and post-magmatic events including intense alkaline metasomatism of country rocks which are often referred to as fenitization [2,19]. The REE mineralization in carbonatite complexes can be restricted into two main groups; the primary carbonatite bodies may host significant amounts of primary REE-bearing magmatic minerals [20,21,22]. The metasomatic activities of magmatic or late-stage fluids originating from carbonatite residue also have a major role in REE mineralization [2,23]. In Turkey, the vast majority of published data on alkaline complexes were primarily focused on Eskişehir–Kızılcaören [1,9,24,25,26,27] and Malatya–Kuluncak [9,28,29] deposits. Despite most of the carbonatites being closely associated with alkaline intrusive complexes (ijolites, phoscorites, and nepheline syenites), Kızılcaören deposit is unique with the earlier volcanic and subvolcanic rocks (trachytes and phonolites), carbonatite–silicate dike-like bodies and fluorite–barite–bastnasite-bearing brecciated fenite zones [24,26,27]. The Kızılcaören LREE–Th–fluorite–barite deposit is a product of an alkaline tearing-rifting mechanism that was active in the Eocene–Late Miocene period [30]. On the other hand, a few numbers of potassic–alkaline volcanic-related LREE enrichments (fly ash placers and ignimbritic flow deposits) were also detected in the Isparta region of SW Turkey, which is located on the southern part of the same Eocene–Late Miocene tearing zone [31].



The two alkaline intrusion-related REE deposits, Malatya–Kuluncak and Sivas–Karaçayır are located on the East of the Central Anatolian Crystalline Complex (CACC) and are closely related to Late Cretaceous post-collisional magmatism [32,33]. This widespread magmatism in Central Anatolia produced numerous calc–alkaline and alkaline granitoid emplacements [29,34]. Most of these post-collisional granitoids are S- and I-type granites [34,35]; however, some alkaline granitoids can also be observed in the region [32].



The alkaline ultrapotassic rock suites are generally syenites and foid syenites emplaced into highly metamorphosed continental crust [36]. Most of the scientific data available on the carbonatite complexes in eastern CACC are restricted to the petrogenetic and isotopic features of these intrusions [9,33,37]. However, the scientific literature about geochemical properties of fenitized rocks in the carbonatite–nepheline syenite complexes of Central Anatolia is not very detailed. Özvatan complex is one of the REE-bearing nepheline syenite–carbonatite intrusions in Central Anatolia. The prior studies in Özvatan complex were restricted to petrological properties [38] and mica geochemistry [39] of nepheline syenites. In this study, we focused on the alkaline rock suites of Özvatan carbonatite–nepheline syenite complex and the mineralization properties of fenite zones. Additionally, the metasomatic transformation of carbonatites has been revealed with fluid inclusion studies. This nepheline syenite–carbonatite complex with high-intensity fenitization zones is expected to host considerable concentrations of incompatible elements in terms of both REE and LILE.




2. Geological Setting


The study area is located in the Eastern part of the Central Anatolian Crystalline Complex (CACC) (Figure 1a,b). The CACC is made up of several metamorphic sequences and magmatic rocks emplaced into those metamorphic rocks. The Akdağ Massif [40,41], Kırşehir Massif [41,42,43,44], Aksaray Massif [41], and Niğde Massif [45,46] are jointly forming the CACC. These metamorphic rock sequences were intruded by several post-collisional plutonic rocks with calc-alkaline and alkaline nature [34,47,48]. The peraluminous S-type granitoids are generally located in the northern parts of the CACC [49]. However, some S-type granitoid intrusions were identified in southwestern parts of the Kırşehir Massif [47,50]. These S-type granitoids of the CACC show enrichments of incompatible elements including LILE and LREE [50].



Further, some of these granites host considerable amounts of U [52,53]. Therefore, Cenozoic cover sediments can be considered valid exploration targets for sandstone-hosted uranium deposits [53]. On the contrary, more common post-collisional I-type magmatism can be observed in various locations in CACC [35,50,54,55]. Mainly, I-type granitoids of CACC have metaluminous to a slight peraluminous character with high K concentrations, indicating mantle interference during magma evolution [35]. These granitoids mostly share similar geochemical and isotopic features such as LREE enrichments and lower initial Sr isotopes [35].



Widespread potassic magmatism occurred after the calc-alkaline granitoid emplacement, with the intrusions of syenite and monzonite bodies along the formation of alkaline complexes such as Kuluncak [28,29,37] and syenite–carbonatite complex Karaçayır [33,37,56].



The Özvatan nepheline syenite–carbonatite complex emplaced into Paleozoic-aged highly metamorphosed carbonate rocks known as Akdağ Massif (Figure 1c and Figure 2a,b) [40,46,57,58]. Akdağ massif rocks in the study area mainly consist of meta-carbonate and meta-clastic rocks such as marbles, calc-schists, quartzites, mica schists, phyllites, and gneisses (Figure 2a,b) [57]. Moreover, contacts of the nepheline syenites and meta-carbonate rocks host weak skarnization zones with epidote crystals (Figure 2c,d). The magmatic complex can be described as a silica-undersaturated nepheline syenite intrusion (Figure 2e) [36,38,39,51]. The nepheline syenites were cut by medium- to coarse-grained calciocarbonatite dikes (sövites) and silicocarbonatites (Figure 2f,g). All rocks in Özvatan nepheline syenite–carbonatite complex are affected by hydrothermal alteration mostly caused by activities of fenitizing fluid pulses around carbonatites (Figure 2g–k). The silicate rocks of the complex are mainly fenitised nepheline syenites and garnet-bearing nepheline syenites; however, some dike-like olivine foidolite bodies surrounded by nepheline syenites were also observed [51]. The olivine foidolites host thin carbonatite veinlets and small nepheline syenite pockets. Therefore, they represent an older magmatic phase than the rest of the complex (Figure 2l).




3. Sampling and Analytical Methods


A total of 23 samples were collected from carbonatite dikes and fenitized zones of the Özvatan nepheline syenite–carbonatite complex. The whole-rock (major-trace and rare earth elements) analyses were conducted on powders obtained by using an agate mortar muller milling device. The major oxides (SiO2, Al2O3, CaO, K2O, Na2O, Fe2O3, MnO, MgO, TiO2, and P2O5) were analyzed using a Bruker S8 Tiger X-ray fluorescence (XRF) spectrometer with wavelength ranges from 0.01 to 12 nm, the analytical uncertainty is usually 5%. REE analyses were conducted by an Elan DRC-e Perkin Elmer Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). A two-step digestion process was used with 50 mg powdered samples: (1) 6 mL of 37% HCl, 2 mL of 65% HNO3, and 1 mL of 38–40% HF acid mixer put in a pressure- and temperature-controlled Teflon beaker using a Berghoff Microwave at 135 °C; (2) 6 mL of 5% boric acid solution was added to the step one mixer for ICP-MS analyses. All geochemical analyses were performed in Istanbul Technical University Geochemical Analysis Laboratories (ITU-JAL).



The C and O isotope values are obtained from calcite separates by using a ThermoFinnigan Deltaplus XP mass spectrometer and gas chamber in the Stable Isotope Ratio Mass Spectrometry Laboratory of Middle East Technical University (METU-DIL). The typical uncertainty level is 18O/16O: ± 0.2 (‰) and 13C/12C: ± 0.2 (‰). The electron microprobe analyses (EPMA) were conducted on double-polished sections and grain mounts. The grain mounts and polished sections were analyzed by JEOL 8900R in the University of Alberta Electron Microprobe Laboratory. The operating conditions of this instrument: 20 kV for accelerating voltage and 10 nA beam current.



The rock-forming minerals were determined using Leica DM750P microscope and cathodoluminescence images were produced by CTIL MK5 microscope. Fluid inclusion investigations were performed on ~80 µm thick doubly-polished thin sections of calcite and fluorite minerals in the fluid inclusions labs at the Geological Engineering Department of Istanbul Technical University (ITU). A heating–freezing Linkam THMG-600 stage was used to take measurements (temperatures from +600 to −200 °C) and was mounted on a LEICA DM2500P optical microscope with a video camera and monitor. Potassium dichromate, pure H2O, CO2, and H2O-NaCl standards were used to calibrate this stage. Using the standard methods outlined by Roedder [59] and Shephard et al. [60], microthermometric measurements of heating and freezing were conducted with an error of ±0.4 °C for the freezing stage and ±5.0 °C for the heating stage. The values of homogenization temperature (Th), eutectic temperature (Te), last-ice melting temperature (Tm-ice), and clathrate melting temperature (Tm-clt) were all monitored throughout these measurements.




4. Results


4.1. Petrography


4.1.1. Nepheline Syenite, Fenitised Nepheline Syenite, and Olivine Foidolites


The nepheline syenites of the Özvatan complex are mainly composed of nepheline and K-feldspars having microperthite texture accompanied by minor amounts of albite, phlogopite, and sericite minerals (Figure 3a–d). The holocrystalline, coarse-grained, fenitised nepheline syenites can be distinguished in sodic and potassic on the basis of their mineralogy. The sodic fenitization is interested mainly in the garnet-bearing nepheline syenites composed of nepheline, K-feldspar, clinopyroxene, garnet, biotite, and sericite crosscut by carbonatite veinlets (Figure 3e–l). This rock type shows coronitic texture with fine-grained intergrowth of aegirine crystals around large euhedral augite crystals. Smaller augites might be completely replaced by aegirine (Figure 3j). K-feldspars mainly occurred around carbonatite veins and crystallized along the mafic (garnet-rich) nepheline syenite contact. The garnets are generally euhedral crystals with a light brown color and are classified as andradite by Ozkan and Erkan [38]. The K-feldspars seem more likely to form comb textures: crystals growing orthogonally from a cold contact typically found in dikes. It implies that they are growing from the carbonatite melt (Figure 3i,l) [19]. The clinopyroxene group minerals are mainly augites and aegirine minerals in which the augite was partly to completely transformed to aegirine indicating sodic fenitization (Figure 3j,k). The potassic fenites have abundant K-feldspars, nephelines, and minor amounts of aegirine crystals (Figure 3m–p). The sericitization of K-feldspars on crystal borders is also common due to late-stage hydrothermal activity or atmospheric weathering (Figure 3l,p). Additionally, the giant phlogopite crystals in nepheline syenites were reported by Deniz [39]. The olivine foidolites are predominantly composed of highly altered olivine, clinopyroxene, and subordinate nepheline phenocrysts. The phenocrysts are generally embedded in a medium-grained microcrystalline groundmass of plagioclase, orthoclase, phlogopite, and calcite with minor amounts of opaque minerals (Figure 3p,q). The olivine phenocrysts were altered to talc minerals due to extensive hydrothermal alterations (Figure 3s).



Based on the observations from fieldwork, the olivine foidolites cannot be described as a usual ultrapotassic sub-volcanic type rock which is common in alkaline–ultra-alkaline complexes [4].




4.1.2. Calciocarbonatites and Silicocarbonatites


The carbonatitic rocks in Özvatan complex are generally well-crystallized coarse-grained calciocarbonatites (sövites) and fine-grained silicocarbonatites which are emplaced into garnet-bearing nepheline syenites (Figure 4a–d,m–p). The calciocarbonatites are generally dominated by calcite and fluorite, with minor amounts of fine-grained nepheline and opaque minerals (Figure 4e–l). The silicocarbonatites are generally fine- to medium-grained and brownish to pinkish in color (Figure 4m). They are mainly composed of calcite, nepheline, and garnet with a subordinate amount of sericite and opaque minerals (Figure 4n–p).



The presence of subhedral grains of nephelines in sövites was emplaced into the earlier nepheline syenite phases (Figure 4j). The different stages of carbonatite emplacements can be observed in cathodoluminescence (CL) images (Figure 5).



The multiple phases of carbonatite emplacements in nepheline syenites (Figure 5c,g) and carbonatite breccia were identified (Figure 5a,b). Minor amounts of sulfide minerals can also be found (Figure 5d). The carbonatite phases were crosscut by late carbonatite and fluorite veins (Figure 5f,g). Fluorites can contain minor amounts of apatite phenocrystals. (Figure 5f). All generations of fluorites were replaced with late-stage carbonatite veinlets along the cracks and borders (Figure 5h).




4.1.3. Electron Microprobe Analysis (EPMA) of Carbonate, Fluorite, and Fenite Mica Minerals


The EPMA data of the carbonate minerals reveal that these carbonate minerals have higher amounts of CaCO3 (94.39–98.49) with minor amounts of MgCO3 (an average of 0.9), MnCO3 (an average of 1.04), FeCO3 (an average of 1.38), and SrCO3 (an average of 0.33) (Supplementary Table S1) and are classified as pure calcites, while the EPMA data of the fluorite minerals reveal that Ca and F contents vary from 52.07 to 53.03 wt.% and from 49.36 to 50.28 wt.%, respectively, with calculated near-stoichiometric compositions Ca0.99-1.00F1.99-2.00 (Supplementary Table S2). Minor contents of Mn (avg. 0.006 wt.%), Na (avg. 0.02 wt.%), and P (avg. 0.02 wt.%) are recorded in fluorite minerals.



The mica compositions of Özvatan rocks were previously studied in detail by Deniz [39]. In this study, the micas of K-fenite were examined to reveal the effects of metasomatic activities in K-fenite zones. The representative EPMA data of micas are listed in Supplementary Table S3. The recalculation of the mica minerals is based on Tindle and Webb [61].



The metasomatism process in K-fenites resulted in higher Al values in mica minerals. Therefore, the micas from K-fenites are biotites that show a slight annite trend (Figure 6). The giant mica minerals obtained from relatively unaltered nepheline syenites generally have higher Fe values [39]. Additionally, the effects of metasomatism can be observed in the rims of K-fenite micas with higher Fe values. In contrast, Mg and Si generally decrease from core to rim. It can be concluded that the fenitizing fluids affect the final compositions of micas in such a way that immobile cations arise. The majority of the analyzed micas are re-equilibrated (hydrothermal) biotites that evolve in equilibrium with the magmatic-hydrothermal fluids [62].





4.2. Geochemistry


The representative geochemical analyses of major, trace, and REE are listed in Supplementary Table S4.



The nepheline syenites in the Özvatan complex are primarily silica under-saturated alkaline rocks (the least altered N-1 sample, Supplementary Table S4). The total alkali–silica diagram for least altered nepheline syenites may reflect the alkaline nature of the non-fenitised rocks (Figure 7). However, due to intense fenitization in the complex, the geochemical composition of the nepheline syenites cannot represent the initial values.



The nepheline syenite–carbonatite complex shows a loss of alkalis during the formation of calciocarbonatite intrusions (Figure 8a). The carbonatites in the Özvatan complex can be divided into two distinct types: (a) calciocarbonatites (sövites) and (b) silicocarbonatites. Calciocarbonatites are mainly dominated by Ca and Sr as expected. Silio-carbonatites, on the other hand, are comprised of Si and Ca equally. Some silico–carbonatites have minor amounts of Al and Fe, probably related to the presence of silicate minerals.



The fenite zones can be classified as sodic, potassic, and brecciated potassic fenites due to their mineralogical and geochemical properties The sodic fenites in the Özvatan complex are closely related with silicocarbonatite rocks and their contact zones with garnet-bearing nepheline syenites. The sodic fenites are relatively less altered than potassic fenites and Na2O values can rise up to 6.63%. However, the sodic fenites were also overprinted by potassic fenites in some samples, decreasing the overall Na and Si content. The fenites of the complex predominantly have a potassic character (Figure 8b). The potassic fenites are characterized by high levels of K2O (varying from 8.13 to 15.7%) and relatively low levels of SiO2 content (Supplementary Table S4). The desilisification process during the transition of sodic fenite to potassic fenite may lead to an increase in Al contents [67].
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Figure 8. (a) Carbonatite variation diagram modified after Le bas. [3]; (b) ternary plots for fenite types of Özvatan complex modified from Höy [68]. 






Figure 8. (a) Carbonatite variation diagram modified after Le bas. [3]; (b) ternary plots for fenite types of Özvatan complex modified from Höy [68].



[image: Minerals 13 00667 g008]





The calciocarbonatites, silicocarbonatites, and potassic fenites of the Özvatan complex show a negative linear SiO2 vs. CaO correlation with R2 = 0.98 (Figure 9a). This correlation of CaO and SiO2 shows silicocarbonatites are likely to be more associated with fenitization process. The sodic fenites do not share the same behavior. Similar geochemical trends can also be observed in Na2O + K2O + CaO vs. SiO2 + Al2O3 (Figure 9b) and SiO2 + Al2O3–CaO–Na2O + K2O (Figure 9c) indicating the effect of silicocarbonatites in progressive fenitization.



REE concentrations of carbonatites in the Özvatan complex range from approximately 1000–2700 ppm. The calciocarbonatites and silicocarbonatites have similar average REE values, mostly comprising LREE (Supplementary Table S4). While calciocarbonatites (sövites), silicocarbonatites, and potassic fenites of the Özvatan complex have sharp pikes of LREE, the MREE and HREE patterns are generally flat (Figure 10). The calciocarbonatite (SD-1 sample) and brecciated potassic fenite (sample KF-7) have similar La and Ce concentrations to average calciocarbonatites; however, the rest of the REE pattern is much lower.



The olivine foidolites and sodic fenites are relatively enriched in LREE and have relatively lower MREE and HREE patterns (Figure 10). However, the HREE values of olivine foidolite are higher than the entire rocks of the complex. Average sodic fenite has quite comparable values to least altered nepheline syenite in terms of LREE, but has elevated MREE and HREE patterns (Figure 10).



The elevated LREE, LILE, Nb, Th, and U values (Supplementary Table S4) were observed in K-fenites and brecciated K–fenite zones. The higher values of Nb, Th, U, and LREE (Figure 11) in brecciated K-fenites were observed. These results might be attributed to late-stage veins in which fenitization fluids utilized the brecciated part of the nepheline syenite intrusion, which had greater permeability after the formation of early sodic fenites and K-fenites [2,4,67]. K-Fenites also have higher Pb values than sodic fenites, indicating some sulfur-rich hydrothermal activity.




4.3. Isotopic Compositions of Özvatan Carbonatites


Özvatan carbonatites show significant fractional crystallization and hydrothermal alteration trends in terms of δ13C and δ18O isotopic compositions. As listed in Table 1, the δ13C values are quite compatible with the worldwide carbonatite range (+4 to −7) [73].



The δ13C values of Özvatan carbonatites and Karaçayır carbonatites have significant resemblance due to the evolution from a similar magmatic origin [37]. The δ11B values of Karaçayır from Cimen et al. [37] clearly indicate a magmatic origin of carbonatites. However, the effects of crustal contamination and hydrothermal alteration processes were also observable [37]. These processes may also affect Özvatan carbonatites in a similar way.



The δ18O values are also in tune with the Sivas–Karaçayır carbonatite nepheline syenite complex; however, the well-known Kızılcaören carbonatite complex reflects higher δ18O values (Figure 12). The high δ18O values of the Kızılcaören complex may have been caused by hydrothermal alteration [9,73,74].




4.4. Fluid Inclusion Studies


The petrographic analyses and accurate microthermometry were performed on calcite and fluorite crystals containing fluid inclusions (FIs) of appropriate size for the study. Based on the criteria established by Roedder [59] and Van den Kerkof and Hein [78], the primary and secondary FIs were differentiated by having variable shapes: elliptical, elongated, and irregular (Figure 13). At room temperature, the size of the primary and secondary FIs in the calcite minerals ranges from 12–40 µm and from 21–62 µm (some FIs up to 129 µm), respectively (Figure 13a–e). The primary and secondary FIs in the fluorite minerals, on the other hand, vary in size from 21–48 µm (some FIs up to 164 µm), and from 28–31 µm, respectively (Figure 13f–h). All of these FIs are thought to be of the aqueous liquid H2O–vapor (LV) type and to have been homogenized into the liquid phase in the two minerals (Figure 13).



At room temperature, they do not include carbonic phases, but melting of clathrates above 0 °C implies that they should comprise carbonic phases such as carbon dioxide or methane. The eutectic temperatures (Te) of the primary FIs of the calcite minerals were detected around −21.2 °C and around −62.1 °C, suggesting H2O–NaCl as well as H2O–CO2/CH4–NaCl system, respectively (Table 2). While determining Te secondary FIs of calcite minerals, the ranges from −16.9 to −14.6 °C indicate H2O–NaCl system with subordinate carbonic phases due to the final melting temperature (Tm) above 0 °C (Table 2). However, the primary and secondary FIs of fluorite minerals have detected Te of roughly −6.9 °C and −22.7 °C, respectively, also alluding to H2O–NaCl system with subordinate carbonic phases since Tm above 0 °C (Table 2).



The final ice melting temperatures (Tm-ice) and clathrate melting temperatures (Tm-clathrate) were used to compute the salinities in accordance with the formulae proposed by Darling [79], Archer [80], Bodnar [81], and Steele-MacInnis et al. [82], as well as the BULK computer program of Bakker [83] (Table 3). The average salinities of the FIs (without clathrate) are 6.9 and 2.8 wt. NaCl equivalent for primary and secondary FIs of calcite material, respectively (Table 2), whereas the FIs-bearing clathrate had greater salinities (12.1 and 14.0 wt.% NaCl equivalent for primary and secondary FIs of calcite crystal, respectively) (Table 3). On the other hand, the salinities of the primary FIs of the fluorite mineral including clathrate range from 8.9 to 14.8 wt.% NaCl equivalent (Table 3). Salinities of 9.2 wt.% NaCl equivalent are reported in the secondary FIs of the fluorite mineral that do not include clathrate (Table 3). Using Zhang and Frantz’s [84] equation of state, the total densities of the FIs (those without clathrate) were calculated. They range from 0.82 to 0.99 g/cm−3 (an average of 0.93 g/cm−3) and from 0.77 to 0.98 g/cm−3 (an average of 0.87 g/cm−3) for primary and secondary FIs of calcite minerals (Table 2). However, they vary from 0.90 to 1.03 g/cm−3 with an average of 0.97 g/cm−3 for secondary FIs of fluorite mineral (Table 3). Total homogenization temperature (Th-tot) values for the primary and secondary FIs of calcite minerals are averaged to be 392.3 °C and 290.4 °C, respectively. However, compared to those of calcite, the primary and secondary FIs of the fluorite minerals homogenized at lower temperatures as 119.5 °C and 163.0 °C, respectively (Table 2).



4.4.1. Composition of Solution Systems


To be economically developed, a rare earth element (REE) resource must be concentrated much above the background levels of all REEs’ percentage concentrations. REE enrichment can indeed take place by either primary processes such as magmatic processes, hydrothermal fluid mobilization, and precipitation, or secondary processes such as sedimentary concentration and weathering that transport REE minerals away from their original formation. As a result, the primary (high-temperature) and secondary (low-temperature) deposit categories can be used to classify natural REE deposits and occurrences [1].



Alkaline–peralkaline igneous rocks and carbonatites generated in extensional intracontinental rifts typically represent the most significant primary deposits often having high grade and tonnage [85]. The formation of the primary REE concentrations can also occur in another variety of different geological environments; consistently related to granites and pegmatites, hydrothermal, and carbothermal systems as well as less frequently in metamorphic or diagenetic environments [85,86,87]. On the other hand, any of these primary enriched varieties may be weathered or eroded to produce secondary deposits such as placers and ion adsorption deposits [86].



The Te of the FIs in the study area is typically about −21.0 °C, with the exception of some primary FIs, which have a Te of −62.1 °C (Table 2). The carbonic phase is not visible at room temperature, but upon freezing of inclusions, the clathrate was created. This indicates that the carbonic phase is present in the solution system. Additionally, the Tm of clathrate ranging from 0.9 to 5.1 °C suggests that the fluids that formed the REE-bearing carbonatite and fluorite deposit might consist of CO2 as the main carbonic phase along with CH4 [78].




4.4.2. Ore-Bearing Fluid Source


To determine the origin of the various ore-bearing fluids, the discriminating diagram taken from Beane [88] between the homogenization temperature versus salinity is utilized (Figure 13). It implies that there is endogenous fluid circulation between the magmatic-meteoric fluid sources in shallow intrusive environments in which the studied FIs fall into the field of magmatic-meteoric mixing (Figure 14). Some of the primary and secondary FIs data from calcite minerals have metamorphic origins (Figure 14), referencing carbonatites that experienced low-grade metamorphism at shallow depth, causing the partial recrystallization of carbonates and apatite with the elimination of some trace elements [88].






5. Discussion


5.1. Evolution of Calciocarbonatites and Silicocarbonatites


The field relationships point out that the calciocarbonatites and silicocarbonatites intruded and fenitised the Özvatan nepheline syenite. The Özvatan carbonatites have low-grade REE (up to 0.27%) ores and are dominated by LREE only. Enrichments of Sr and Nd in carbonatites of the study area indicate the mantle-derived origin of initial melts [89,90]. The emplacement of Özvatan carbonatites occurred in a post-collisional environment [50]; therefore, the fractionation of carbonated melts does not produce fertile carbonatite intrusions such as ferro-carbonatites or magnesio-carbonatites [19,68].



The C and O isotopes of the studied carbonatites represent both fractionations of a carbonated mantle source with low-temperature metasomatic reactions. The relatively high values of δ13C and δ18O values in Özvatan carbonatites, such as the similar Karaçayır carbonatites, indicate a series of events during magma evolution such as crustal contamination, magmatic fractionation, and hydrothermal alteration [37]. Calciocarbonatites of the complex have lighter C (−0.88 to −2.07 ‰) and O (11.7 to 14.1‰) values; however, the low-temperature metasomatism in silicocarbonatites caused higher δ18O values and an increase in overall REE content.




5.2. Fenitization


The presence of carbonatite veinlets in nepheline syenites and secondary subhedral K-feldspars (orthoclasite or feldispatic fenite) around these veinlets (See Figure 3i) can be interpreted as one of the most important pieces of evidence for fenitization [3,19,91]. The fenites around carbonatite dikes and veinlets in the Özvatan complex can be divided into two subgroups:




	(1)

	
Sodic fenites in the area are characterized by feldspar and Na-rich aegirine mineralization around carbonatite veins. The sodic fenites in the study area have a mineral assemblage of aegirine-augite, nepheline, and garnet (See Figure 3i–l);




	(2)

	
The potassic fenites have abundant K-feldspar (orthoclase) minerals (see Figure 3m–p) and have higher grades of LREE, Th, U, and Nb. The potassic fenites show higher degrees of alteration than sodic fenites and are cut by numerous carbonatite veinlets. Some of the K-fenites are brecciated (See Figure 2h) and have the highest grade of REE (up to 0.36%).









The calciocarbonatites and silicocarbonatites of the Özvatan complex can be considered shallow late-stage carbonatite intrusions due to the transition from magmatic to post-magmatic (hydrothermal) regime [92]. The fluids expelled from the late-stage carbonatite intrusions probably caused the mineralization of REE-bearing minerals [20]. Additionally, these hydrothermal fluids may overprint earlier REE-bearing minerals and elevate overall REE content [62].



In addition, the low-temperature metasomatism observed in fluid inclusion studies caused the remobilization of REE and changed the final compositions of fenitized nepheline syenites [93]. The mineralization of fluorites with low homogenization temperatures can support this conclusion. The rise of Al and Fe along the rims of the K-fenite micas also represents the desilisification reactions that occurred during fenitization [63].




5.3. Fluid Evolution and REE Enrichments


During its evolution, primary fluid may occasionally undergo a change in composition that can be ascribed to boiling, fluid–rock interactions, or contamination by meteoric water. Because of this, fluid inclusions that are trapped either in the liquid or vapor phase should be treated with pressure correction [94].



The pressure correction is not required for inclusions that are trapped at the two-phase boundary (solvi) and exhibit boiling. In these cases, the temperature of homogenization is regarded as the trapping temperature [60,94,95]. Consequently, prior to interpreting microthermometric data, it is essential for fluid inclusions investigation to be aware of fluid-phase equilibria during fluid-phase development.



The investigated samples include coexisting liquid-rich inclusions, which may indicate boiling and surface fluid dilution conditions at the period of entrapment at shallow depths (lower pressure, typically >200 bars) (Figure 15). Mineralization may have resulted from these characteristics, including fluid boiling, surface fluid dilution, cooling, and early magmatic mixing with meteoric fluids [60,96]. Although certain FIs contain higher salinities (up to 16.9 wt.% NaCl equivalent) and Th (up to 392 °C), indicating magmatic origins, they circulated at a lower temperature and mixed with external meteoric water leading to a decrease in the homogeneous temperature and salinity (Figure 15).



According to the aforementioned data, the brine-melt develops into a hydrothermal fluid in the late stages of the evolution of carbonatite systems, with the salinity being diluted by an increasing H2O concentration. Depending on the late-stage carbonatite emplacement and the effects of cooling, mixing, and fluid–rock interaction, fluid inclusions and stable isotope data suggest a variety of evolutionary pathways [98]. In contrast to externally produced fluids, which are generally colder (up to 119.5 °C), carbonatite-derived fluids exhibit a temperature of up to 392.3 °C. Furthermore, the low-density inclusions (~0.93 g/cm−3) may emerge from the exsolution, or boiling, of the aqueous and carbonic components from the carbonatite melt (Figure 16).



The boiling may cause the nearby country rock to fracture, allowing meteoric water to further dilute the carbonatite-derived fluid [98]. It is clear that REEs can be mobilized locally by low-temperature hydrothermal fluids, leading to an additional redistribution of the REEs, when the REE enrichment reaches its peak during the brine-melt stage [93]. Moreover, the dissolution of primary REE-bearing minerals, such as calcite or fluorapatite, can lead to the formation and reprecipitation of rare earth element minerals near the original host [99]. The same fluids that were likely combined with meteoric waters to generate the hydrothermal REE-bearing fluorite resulted in cooling to 119.5 °C and a rise in the chloride component. Due to the fluid’s preferred stability of LREE–chloride complexes and depending on the low-temperature fluid’s composition, the continuous fluid fluxing may lead to fractionation of the light from the heavy REEs [100].




5.4. Fluorite Deposition


Richardson and Holland [101] stated that fluorite can be precipitated from hydrothermal solutions via a broad range of mechanisms, including (1) deposition caused by changes in the temperature and pressure of the ore-bearing fluid; (2) deposition caused by the mixing of two or more fluids with distinct chemical compositions; and (3) deposition caused by ore-forming fluids interacting with wall rocks.



According to fluid inclusion studies, there is endogenous fluid circulation between magmatic-meteoric fluid sources in shallow intrusive environments. In the last stages of the evolution of carbonatite systems, the brine melt transforms into a hydrothermal fluid when the salinity is diluted by rising H2O concentration. Low-density inclusions may form during the exsolution, or boiling, of the carbonatite melt’s aqueous and carbonic components. This fluid, which was most likely mixed with meteoric waters to produce the hydrothermal REE-bearing fluorite, resulted in cooling to 119.5 °C and an increase in the chloride component. This refers to fluorite depositions induced by fluid mixing, in which meteoric water can combine with a concentrated brine at a different temperature (dilution plus cooling). Dilution occurs when hot, concentrated brine flowing up the fracture combines with colder meteoric water. Dilution with cooling of NaCl solutions results in combinations that are undersaturated with regard to fluorite at all ionic strengths [101].





6. Conclusions


This study primarily focuses on the mineralogical, geochemical, fenitization, and fluid inclusion aspects of the Özvatan nepheline syenite–carbonatite complex. The complex generally consists of silica under-saturated ultra-alkaline rocks and coarse-grained carbonatite dikes. Carbonatites in the study area are generally coarse-grained calciocarbonatites (sövites) and silicocarbonatites. These rocks represent significant LREE and LILE enrichments including La, Ce, Nd, Sr, and Ba. The silicocarbonatites are also enriched in Th and U. The carbonatites in the Özvatan complex have quite compatible C and O stable isotope values of Karaçayır carbonatites, which indicate a similar magmatic origin. The isotopic compositions represent the fractionation of metasomatic enriched mantle source with the interference crustal rocks.



The carbonatitic rocks of the Özvatan complex are generally surrounded by metasomatic aureole zones. These metasomatic aureole zones were identified as fenites due to their alteration properties and geochemical compositions. The partial and complete transformation of augites to aegirine minerals also supports the occurrence of progressive fenitization in sodic fenites. The fenite zones are widely identified as K-fenites. The higher intensity zones were brecciated and hosted higher grades of REE, Th, U, and Nb.



In all instances of carbonatite-hosted REE mineralization, dissolution-reprecipitation of REE-bearing minerals occurred on a minor scale, particularly if the dissolution of magmatic calcite occurred. It also reveals that the somewhat high salinity and seemingly higher temperature REE-forming fluids of the carbonatite-hosted mineralization have been changed throughout time by secondary processes in accordance with fluid inclusion data. The high δ18O values indicate the effects of repetitive fenitizing fluids.
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Figure 1. (a) Location map of Central Anatolian Crystalline Complex (CACC), (b) simplified geology map of the CACC modified from Kadıoğlu et al. [36], (c) geological map of the study area modified from Kraeff and Pasquare [51], (d) geological cross-section of carbonatites and fenitized nepheline syenites in Özvatan complex. 






Figure 1. (a) Location map of Central Anatolian Crystalline Complex (CACC), (b) simplified geology map of the CACC modified from Kadıoğlu et al. [36], (c) geological map of the study area modified from Kraeff and Pasquare [51], (d) geological cross-section of carbonatites and fenitized nepheline syenites in Özvatan complex.



[image: Minerals 13 00667 g001]







[image: Minerals 13 00667 g002 550] 





Figure 2. (a,b) General view of nepheline syenites and marbles; (c) nepheline syenites and marble contact; (d) epidote minerals in nepheline syenite–marble contact; (e,f) calciocarbonatite dikes and fenitised nepheline syenites of the complex; (g) silico-carbonatite veins and fenitised garnet-bearing nepheline syenites; (h) general view of garnet-bearing nepheline syenites, olivine foidolite, and brecciated potassic fenites; (i) florite-bearing calciocarbonatite; (j) garnet-bearing nepheline syenite, carbonatite veinlets, and sodic fenite; (k) carbonatite veinlets and brecciated potassic fenite; (l) nepheline syenites, olivine foidolite, and carbonatite veinlets. 
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Figure 3. (a–d) Nepheline, microperthite, and phlogopite-bearing nepheline syenite; (e–h) the carbonatite vein and fenitized garnet-bearing nepheline syenite; (i) fenitization around the carbonatite veinlet; (j) partial transformation of augite to aegirine in fenitized nepheline syenite; (k) complete transformation of augite to aegirine in fenitized garnet-bearing nepheline syenite; (l) sericitization and K-feldspar growth around nepheline phenocrystal; (m–p) garnet-bearing potassic fenite in nepheline syenit; (m–p) olivine, clinopyroxene, and nepheline in olivine foidolite (q–t). 
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Figure 4. (a–d) the silicocarbonatite veinlets and garnet-bearing nepheline syenites; (e–h) fluorite bearing carbonatite; (i–l) coarse-grained calcite carbonatites (sövites) (m–p); fenitized nepheline syenites with carbonatite veinlets. 
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Figure 5. (a–c) CL images of fluorite-bearing carbonatites; (d) CL image of sphalerite and carbonatite; (e–h) CL images of multi-stage carbonatite fluorite-bearing carbonatites. 
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Figure 6. (a) Compositional variation of mica in Özvatan fenites modified from Brod et al. [63]. The giant mica and nepheline syenite mica data taken from Deniz [39]. (b) (FeO + MnO)-MgO-TiO2 ternary diagram of biotite after Nachit et al. [64] and Nachit et al. [65]. 
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Figure 7. Total alkal–silica (TAS) diagram for least altered nepheline syenite, modified from Middlemost [66]. 
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Figure 9. (a) SiO2 and CaO major element variations of Özvatan nepheline syenite–carbonatite complex, after Rosatelli et al. [69]; (b) Na2O + K2O + CaO vs. SiO2 + Al2O3 diagram modified from Le Bas et al. [70]; (c) SiO2 + Al2O3–CaO–Na2O + K2O diagram of Özvatan nepheline syenite–carbonatite complex rocks after Rosatelli et al. [69]. 
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Figure 10. REE patterns of nepheline syenite, carbonatites, and fenites in Özvatan complex modified from Boynton [71]. The worldwide average Ca-Carbonatite data is from Wolley [5]. 
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Figure 11. Mantle normalized trace element patterns of carbonatites and fenites in Özvatan complex, after Sun and Mcdonough [72]. 
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Figure 12. Carbon and oxygen isotopic compositions for carbonate separates of Özvatan carbonatite samples. The worldwide carbonatite and primary igneous carbonatite data are from Deines [73] and Cimen et al. [74,75]. The isotopic data of primary igneous carbonatite complexes of Fen and Alnö is taken from Andersen [76] and Roopnarain [77], respectively. The isotopic values of Kızılcaören and Karaçayır deposits are from Cimen et al. [9] and Cooper et al. [56]. 
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Figure 13. (a–c) Primary fluid inclusion in calcite mineral; (d,e) secondary fluid inclusion in calcite mineral; (f,g) primary fluid inclusion in fluorite mineral; (h) secondary fluid inclusion in fluorite mineral. 
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Figure 14. Salinity vs. homogenization temperature of fluid inclusions in the study area. Base diagram adopted from Beane [88]. 
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Figure 15. A plot of salinity vs. homogenization temperature (Th) for a fluid inclusion. NaCl saturation and critical curves are from Ahmad and Rose [97], and lines of NaCl pressure are from Roedder [59]. 
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Figure 16. A plot of salinity (wt.% NaCl) vs. homogenization temperature (Th °C) for a fluid inclusion reveals tendencies in boiling, isothermal mixing, and necking-down during the fluid’s evolution after Shephard et al. [60] and Wilkinson [96]. 
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Table 1. δ13C (PDB) and δ18O (SMOW) values of Özvatan carbonatites.
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	Sample
	δ13C

(PDB)
	δ18O (SMOW)





	SD-1
	−2.07
	11.7



	SD-2
	−0.88
	14.1



	SD-3
	0.37
	13.3



	SD-4
	4.10
	12.6



	SD-5
	−6.03
	19.1
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Table 2. Summary of microthermometric data of calcite and fluorite from the study area.
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Mineral

	

	
Calcite

	
Fluorite




	
Inclusion Type

	

	
Primary—LV

	
Secondary—LV

	
Primary—LV

	
Secondary—LV






	
Eutectic

Temprature (°C)

	
Min

	
−23.5

	
−62.3

	
−31.1

	
−17.4

	
−12.5

	
−23.3




	
Max

	
−19.9

	
−61.9

	
−8.2

	
−11.8

	
−1.3

	
−22




	
n

	
6

	
4

	
9

	
2

	
5

	
2




	
Avg

	
−21.2

	
−62.1

	
−16.7

	
−14.6

	
−6.9

	
−22.7




	
Tm-ice (°C)

	
Min

	
−6.7

	

	
−3.2

	

	

	
−13.1




	
Max

	
−0.2

	

	
−0.8

	

	

	
−0.8




	
n

	
6

	

	
9

	

	

	
2




	
Avg

	
−4.5

	

	
−1.7

	

	

	
−7




	
Tm-clathrate (°C)

	
Min

	

	
2.7

	

	
0.9

	
0.7

	




	
Max

	

	
3.1

	

	
1.9

	
5.1

	




	
n

	

	
4

	

	
2

	
5

	




	
Avg

	

	
2.9

	

	
1.4

	
2.3

	




	
Th-tot (°C)

	
Min

	
140

	
386

	
114

	
281

	
101

	
148




	
Max

	
302

	
400

	
275

	
299

	
153

	
178




	
n

	
6

	
4

	
9

	
2

	
5

	
2




	
Avg

	
185

	
392

	
201

	
290

	
120

	
163
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Table 3. Calculated microthermometric data of calcite and fluorite from the study area.
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Mineral

	
Calcite

	
Fluorite




	
Inclusion Type

	

	
Primary—LV

	
Secondary—LV

	
Primary—LV

	
Secondary—LV






	
Salinity

%NaCl eq.

	
Min

	
−0.40

	
11.8

	
1.40

	
13.4

	
8.9

	
1.40




	
Max

	
10.1

	
12.1

	
5.30

	
14.6

	
14.8

	
17.0




	
n

	
6

	
4

	
9

	
2

	
5

	
2




	
Avg

	
6.90

	
12.1

	
2.80

	
14.0

	
12.7

	
9.20




	
Density

(g/cm−3)

	
Min

	

	
0.82

	
0.77

	

	

	
0.90




	
Max

	

	
0.99

	
0.98

	

	

	
1.03




	
n

	

	
5

	
9

	

	

	
2




	
Avg

	

	
0.93

	
0.87

	

	

	
0.97




	
Ph (MPa)

	
Min

	

	
0.46

	
0.45

	

	

	
0.48




	
Max

	

	
8.40

	
5.53

	

	

	
0.77




	
n

	

	
5

	
9

	

	

	
2




	
Avg

	

	
2.12

	
2.23

	

	

	
0.63
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