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Abstract

:

The carbonatite complexes of the Central Asian carbonatite province comprise the Siberian carbonatites of the Western Transbaikalia and the Central Tuva regions, as well as those from the Mushugai-Khudag complex in Southern Mongolia. They are confined to Late Mesozoic rift structures and have endured considerable tectono-magmatic processes caused by intense plume activity, which also accompanied their formation. A systematic study of melt and fluid inclusions revealed that these carbonatites formed as a result of immiscibility processes in silicate–carbonate (salt) melts, as well as fractional crystallization. Alkaline–carbonatite rocks crystallized in the presence of brine–melts with different compositions, i.e., alkaline–fluorine, carbonate, sulfate, phosphate, and chloride. These melts are responsible for mineralization during the orthomagmatic stage and the primary phase of Fe-F-P-(Ba)-(Sr)-REE ore formation at temperature ranges of 850–830 °C, 650–610 °C, and 560–440 °C and pressures between 290 and 350 MPa. At a later stage, the brine–melts evolved into saline hydrothermal fluids, which are considered to be the source of the second stage of F-(Ba)-(Sr)-REE ore mineralization. The saline crystal–fluid inclusions consist mainly of fluorine–sulfate–carbonate–chloride and bicarbonate–chloride compositions, with temperatures of approximately 480–250 °C and pressures below 250 MPa. The shift from melt to fluid in carbonatite complexes could occur more frequently in nature than previously believed and could also apply to other F-REE carbonatite complexes that are linked to rifting and plume activity in mountain-building zones.
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1. Introduction


Today, carbonatite complexes represent the main source, and the largest deposits, of a number of strategic elements, such as rare earth elements (REEs), niobium, and zirconium [1,2,3,4,5,6]. Over 80% of global rare earth deposits are associated with carbonatites and their weathering crusts. In addition, carbonatite complexes are commercially mined for apatite (P), fluorite (F), barium, and strontium. They also contain elevated concentrations of ferrous (Fe, Mn), noble (Au, Ag, Pt), and radioactive (Th, U) elements, as well as industrial reserves of polymetallic (Pb-Zn) ores. Among all carbonatite species, a particular metallogenic type of rare earth carbonatite, Fe-F-P-(Ba)-(Sr)-REE, is recognized. Some well-known worldwide examples of carbonatite complexes are Bayan Obo, Maoniuping, and Dalucao deposits in China [7,8]; Amba Dongar in India [9]; Kangankunde in Malawi [10]; Okorusu in Namibia [11]; Barra do Itapirapuã in Brazil [12]; and the alkaline–carbonatite complexes of the Central Asian carbonatite province (CACP) that we investigated.



Recent petrological evidence suggests at least three main mechanisms for the origin of carbonatite magmas: (1) partial melting of carbonated mantle [13,14,15]; (2) long-term fractional crystallization of alkaline–nephelinite magma [16,17]; and (3) silicate–carbonate liquid immiscibility [18,19,20]. Experimental studies of immiscibility processes of carbonate–silicate melts in the alkaline–nephelinite system have been conducted since the 1960s [21]. The immiscibility phenomenon has been well established in volcanic alkaline rocks, as well as in melt inclusions [19,20,21,22,23,24]. However, it is worth noting that experimental estimates of the distribution coefficients of elements between immiscible melts have shown that silicate–carbonate immiscibility alone cannot account for the concentration of rare metals in carbonatites [25,26]. Experimental work has also shown that certain agents such as F, S, P, and Cl may contribute to the accumulation of rare earth components in carbonatitic melt at specific PTX parameters, while calcite is acknowledged to largely control the fractionation of REE in the early stages of crystallization [26]. For this particular case, there are also data on the existence of an immiscible hydrous Fe-Ca-P melt in natural samples [27]. Thus, assessing the relevance of both immiscibility and fractional crystallization processes during ore accumulation in carbonatite melts remains a very important petrological task. This study presents a systematic investigation of melt and fluid inclusions in order to identify the mechanisms and conditions of ore genesis in carbonatite systems.



The role of carbonatite fluids in the origin and accumulation of ore elements is of great significance. Evidence of fenitization and other hydrothermal–metasomatic processes is widespread in carbonatite complexes and is typically restricted to ore bodies. Petrological and geothermobarometric observations of fluid inclusions in carbonatite minerals indicate a significant transfer and concentration of rare earth and other ore elements (F, Ba, Sr, P, Fe, Cu, Pb, Zn, etc.) by orthomagmatic (or carbothermal) and hydrothermal fluids [28,29,30]. In such cases, the main redistribution and concentration of ore elements occurs at a later stage in the evolution of a carbonatite system. Furthermore, mineralogical, fluid inclusion, and experimental studies indicate that REEs are typically concentrated in solutions and crystallize as their own mineral phases due to the remobilization and redistribution of ore components from REE-bearing magmatic mineral phases (e.g., fluorapatite) via orthomagmatic fluids. Subsequently, newly formed hydrothermal ore minerals (e.g., monazite) crystallize [31,32,33,34,35,36,37]. Aggressive acidic fluids involved in the transfer and crystallization of ore minerals are highly concentrated (more than 85 wt.%) [37], with a high proportion of cations (Ca, Na, K) and ligands (F, Cl, CO2 (l), SO42−). Additionally, the successive evolution of the system involves dilute solutions of predominantly chloride, sulfate, carbonate, and bicarbonate compositions, which are responsible for late ore-bearing hydrothermal mineralization.



The term “brine-melt” was originally introduced by Prokopyev et al. [37] and has been actively used. The brine–melt stage (usually 600–400 °C) is commonly referred to as the “magmatic–hydrothermal transition” or “carbothermal stage” [28]; however, we opted for the term “brine-melt” to emphasize the high salinity of the orthomagmatic melts and the solute-deficient volatile exsolution at this stage. In addition, this expression was used to avoid the magmatic/hydrothermal dichotomy inherited from silicate magmatic systems. This continuous transition (evolution) of carbonatite melts into alkaline brine–melts does not rule out the presence of an immiscible aqueous fluid phase [6], which can be highly saline at high-PT conditions [30]. Nonetheless, according to Song et al. [38], REEs are poorly partitioned into this fluid aqueous phase, remaining mainly dissolved in the alkali brine–melt, with the latter being responsible for early magmatic Fe-P-F-REE ore mineralization in the carbonatite complexes.



In the following stages of the evolution of the carbonatite ore-system, the brine–melt develops into hydrothermal saline fluids (or carbothermal fluids when carbonates are predominant in the solution), where salinity is diluted by increasing the amount of H2O [30,37]. Fluid inclusions are represented by crystal-brines with evidence of cooling, mixing, and fluid–rock interaction processes.



Fluids of carbonatite origin usually have temperatures of up to 400 °C, whereas external fluids are colder (up to 250 °C) [30,37]. The saline crystal–fluid inclusions are often associated with the second ore-forming stage F-(Ba)-(Sr)-REE in carbonatite systems. Such concentrated fluids contain both residual salt components (Na, K, Ca, Fe, etc.) and ore-elements of the orthomagmatic carbonatite system (Ba, Sr, REE, etc.), acting as aggressive solutions that attack primary magmatic minerals and remove part of the ore components (e.g., REE), hence preventing the formation of new minerals [31,32,33,34,35,36,37]. The late stages of the carbonatite system involve dilute solutions that are responsible for late hydrothermal mineralization.



At the time of writing, we have gathered a large enough record of analytical data on melt and fluid inclusions in carbonatites and associated alkaline rocks in the Central Asian Carbonatite Province (CACP) [37,39,40,41,42]. Accordingly, in this research, we introduce new information and ideas, which are also derived from modern and early studies, on the origin and evolution of rare earth carbonatites, including their formation mechanisms, as well as relevant changes in the physicochemical properties of minerals and related ore-forming processes. All this is based on a comprehensive geothermobarometric analysis of melts and fluid inclusions.




2. Geological Setting


The carbonatite complexes of the CACP include the Siberian carbonatites of Western Transbaikalia (East Siberia) and Central Tuva regions (South Siberia), as well as those in Southern Mongolia (Figure 1a). They are all part of the Late Mesozoic Central Asian rift structure, the formation of which was accompanied by intense tectono-magmatic processes associated with plume activity [43]. According to recent data, the development of intraplate magmatism during the mid-part of the Early Cretaceous period at the time of approximately 150 (135)–120 Ma has been established, along with the formation of alkaline–carbonatite complexes in the Central Asian fold belt, including carbonatites that are linked to potassium alkaline magmatism [43,44,45]. The distribution area of these carbonatite bodies is characterized by a variety of correlated silicate igneous rocks, e.g., alkaline and subalkaline gabbroids and syenites, ultramafic alkaline rocks and granitoids, and a few lamprophyres [37,39,40,41,42,43,44,45,46,47,48,49,50,51,52]. Another relevant feature of the Late Mesozoic carbonatite province of Central Asia is its potential reserves and type of ores, given the fact that most carbonatite occurrences belong to the Fe-P-F-(Ba)-(Sr)-REE complex style and yield critical elements in small-size economic occurrences, as well as large deposits.



Within the Western Transbaikalia paleo-rift zone, a carbonatite province of the same name has been recognized, which includes the Khalyuta, Yuzhnoe, Arshan, Torey, Oshurkovo, and Ulan-Ude (Portovoe) complexes, containing F-Ba-Sr- and REE-bearing occurrences of dolomite–calcite carbonatites [43,45,52] (Figure 1b). Carbonatite complexes are located along the margins of Late Mesozoic rift valleys, forming diatreme, pipe-like, and mantle-like bodies. They are associated with shonkinite and alkaline syenite dikes. Granitic gneisses and quartz syenites (Paleozoic) are the main host rocks for carbonatites, with fenites developing along their contact zones. These rocks were formed within the time period of 130–122 Ma [45]. Detailed information about the geology and mineralogy of these carbonatite complexes is presented in [43,45,46,47,52,54].



The Southern Siberian Fe-F-REE carbonatites comprise three ore clusters located in the sub-meridional (SN) part of the Central Tuva rift depression, namely, Chailyukhem, Karasug, and Ulatai-Choza (Figure 1c). These carbonatites intrude Early to Middle Paleozoic sandstones, siltstones, limestones, tuffs, conglomerates, and shales, which are confined primarily to fault zones, forming lenses, stocks, pipes, and bodies of complex shapes. The carbonatites were emplaced in two distinct phases, namely, ankerite–calcite carbonatites (first phase) and siderite carbonatites (second phase). Geological observations suggest that spatially associated igneous rocks in ore-bearing carbonatite clusters correspond to grano-syenite stocks, rare dolerite dikes, lamprophyres (kersantite, spessartite), syenites, and syenite porphyries. Additionally, some ore-bearing carbonatite bodies comprise siderite breccia with fragments of country rocks, associated igneous rocks, and ankerite–calcite carbonatites, which are cemented by a siderite matrix. The age of the Tuva carbonatites is estimated to be between 117 and 119 Ma. The structure and morphology of the pipe-like carbonatite bodies, as well as geological data on melt and fluid inclusions, indicate a fluid-explosive origin [37,43,48,55,56,57].



The Southern Mongolian area of the CACP is situated in the Gobi Desert and encompasses the Mushugai-Khudag carbonatite–alkaline complex (Figure 1d). The complex comprises nephelinites and alkali feldspar trachytes, which are intersected by stocks and dikes of alkaline syenites, shonkinites, and magnetite–apatite rocks, as well as several small dikes of fine-grained carbonatites [39,49,50]. The country rocks in the area consist of Paleozoic sedimentary–volcanogenic intercalations of limestones, sandstones, argillaceous shales, and mafic effusive rocks, as well as some Carboniferous granitoids. The complex is located within a graben and is confined to a major rift system [49]. In this area, calcite–fluorite rocks form veins and dikes, and some stock-like bodies occur as nearly pure fluorite rocks with a thickness of up to 30 m. Meanwhile, fluorite hydrothermal veins and stock-like bodies are widespread, consisting of fluorite–calcite, fluorite–barite, fluorite–quartz, and fluorite–celestite varieties [39,49,50]. Two independent stocks of ore-bearing apatite and magnetite–apatite rocks are present in the area (Figure 1d). The age of the magnetite–apatite rocks is estimated to be within the range of 138–121 Ma [49].




3. Analytical Methods


Core and rock samples from alkaline–carbonatite complexes of the CACP were used as the primary material to be investigated. Analytical techniques such as X-ray micro-spectral (microprobe) analysis; scanning electron microscopy (SEM); and Raman structural analysis, including spatial mapping with a 2 μm step to diagnose the volumetric (3D) ratio of mineral phases in inclusion aggregates, were performed in all samples.



To prepare the samples, we polished both thin sections of ore minerals and resin-mounted ore minerals and analyzed them in transmitted and reflected light, respectively, by using a petrographic microscope (Olympus BX51) connected to an HD camera. In addition, the epoxy-mounted samples helped determine rock textures and mineral assemblages via SEM–energy-dispersive X-ray spectroscopy (EDS) with backscatter imaging analysis by using a TESCAN MIRA 3 LMU JSM-6510LV coupled with an X-Max EDS detector by Oxford Instruments.



We determined mineral composition by using an electron microprobe JEOL JXA-8100 (WDS mode, 20 kV, 15 nA, 1–2 μm beam diameter, manufacturer or laboratory, city, country). The accumulation time for fluorine (F) analysis (by using LDE crystal) was 40 s (20 s: counting of background; 20 s: counting peak for F); the F detection limit was 477 ppm (0.04 wt.%). For every mineral analysis run, we used a beam current of 10 nA and an acceleration voltage of 15 kV; except for Fe-Ti oxides: 20 nA and 15 kV, for monazite: 40 nA and 20 kV, for apatite: 10 nA and 20 kV. The peak counting time was 16 s for major elements and 30–60 s for minor elements. Calibration was carried out by using as standards both natural and synthetic phases (element, detection limits in ppm): SiO2 (Si, 158); rutile (Ti, 120); LiNbO3 (Nb, 142); Sr silicate glass (Sr, 442); albite (Na, 176); orthoclase (K, 182); Al2O3 (Al, 128); F-apatite (Ca, 115; P, 387; F, 477); Mn-garnet (Mn, 129); hematite (Fe, 148); CePO4 (Ce, 236); LaPO4 (La, 272); BaSO4 (S, 178); NdPO4 (Nd, 362); Cl-apatite (Cl, 74); and PrPO4 (Pr, 401).



Raman spectroscopy was used to determine the composition of mineral phases in melt and fluid inclusions by using a LabRam HR800 Horiba Jobin Yvon spectrometer, which was equipped with an optical microscope (Olympus BX41, Olympus Corp., Tokyo, Japan). The 514.5 nm Ar+ laser line was used for spectra excitation. The well-known RRUFF (http://rruff.info, accessed on 1 February 2023) database for Raman spectra was consulted to identify trapped solid phases. In addition, 2D mapping was carried out in several samples by using a Raman spectrometer with automatic confocal Raman imaging WITec Apyron. A 488 nm laser (50 mW) was applied to excite the sample. Phase separation and mapping were performed by using the “True component analysis” algorithm of the WITec Project FIVE+ software. The baseline, cosmic peaks, and, partly, the lines of neighboring phases were subtracted from the spectra.



Heating and cooling experiments on fluid inclusions were conducted by using a heat chamber TC-1500 with an inert atmosphere of purified argon and a Linkam THMSG-600 thermal stage. The experiments included the determination of homogenization temperatures and of the composition of salts and gases. Temperature data were also used to determine the concentrations of Na and K as an internal standard for the calculation of other element concentrations in the inclusions from Linkam LA-ICP-MS results.



All analytical methods were carried out at the Analytical Center for multi-elemental and isotope research Siberian Branch Russian Academy of Science (Novosibirsk, Russia).



The concentration of ore elements (Fe, Th, U, REE, etc.) and major cations (Ca, Mg, Rb, Sr, Cs, etc.) in discrete fluid inclusions was determined by using LA-ICP MS [37]. The set-up consisted of a Thermo-Scientific quadrupole inductively coupled plasma mass spectrometer XSERIES2. The mass spectrometer is integrated with a laser sampling device (New Wave Research), Nd: YAG solid-state laser. The certified standard NIST-612 was used for element calibration. In order to account for the matrix effect and sensitivity drift of the instrument, an internal standard was used. The majority of the inclusions that were investigated had representative sizes of approximately 20–50 μm. The arrangement that was used for the LA-ICP-MS analysis and the calculation of element concentrations in brine–melt inclusions in carbonatites of the Central Tuva region is described in [37]. The concentrations of Na, K, Ca, or Na, which were calculated according to microthermometric data (NaCl and KCl concentrations), as well as volumetric contents and SEM-EPMA analyses of daughter-phase inclusions (carbonates and sulfates), were used as internal standards to calculate element concentrations in the inclusions. Conversely, to obtain the composition of a single inclusion, the average value of the analytic signal of each element recorded during the ablation of the host mineral was subtracted from that obtained during the ablation of the fluid inclusion. Moreover, element concentrations in fluid inclusions were calculated by using an algorithm that was based on the formula of H. Longerich during LA-ICP MS analysis [58]. A similar calculation has been used in several publications on LA-ICP MS analysis of fluid inclusions [59,60]. The LA-ICP MS investigations were carried out at Novosibirsk State University (Novosibirsk, Russia).




4. Results


Microthermometry and Microanalysis of Fluid Inclusions


The first-ever-investigated crystal–fluid inclusions in the Western Transbaikalia region were collected from Yuznoe and Arshan REE-carbonatites [40]. It was revealed that bastnäsite-(Ce) in these carbonatites was formed at temperatures above 520 °C. Additionally, the presence of salt daughter phases in the inclusions, comprising Na, K, and Ca sulfates, as well as fluorine-bearing minerals, was established. The formation temperature of fluorite at the Arshan and Yuzhnoe deposits was estimated to be within the range of 370–400 °C [40]. The obtained data on fluorite mineralization are consistent with and complement our most recent research on the role of fluid regimes in the formation of fluorites from the Yuzhnoe and Arshan carbonatite complexes. In this research, we identified crystal–fluid (or brine–melt) inclusions with a concentration of 55–68 wt.%, containing predominantly Na-Ca-Sr sulfates and Na-Ca carbonates with homogenization temperatures of approximately 420–560 °C [41]. In this study, we present new results on optical and inclusion analyses of the composition of the phases that are embodied, as well as an overview of the formation conditions of melt and fluid inclusions in carbonatites and the associated alkaline igneous rocks from the following Western Transbaikalia complexes: Khalyuta, Arshan, Yuzhnoe, and Ulan-Ude (Portovoe).



Modern advances in the interpretation of primary and primary–secondary melt inclusions in shonkinites and alkaline syenites of the Khalyuta complex have demonstrated the presence of two main types of inclusions: silicate and sulfate–carbonate–silicate (Figure 2a–h). The titanite in shonkinite contains inclusions of clinopyroxene, melt with crystals of K-feldspar, and phlogopite, as well as carbonate–sulfate–silicate inclusions with crystalline phases of anhydrite, calcite, baryto-celestine, K-feldspar, phlogopite, and Mss (monosulfide solid solution) (Figure 2a–d). K-feldspar in alkaline syenites also encloses sulfate–silicate inclusions with albite and baryte-celestine (Figure 2e). Further analysis of the composition of carbonate–sulfate–silicate inclusions in clinopyroxene from shonkinites revealed the presence of daughter phases of phlogopite, calcite, and anhydrite, as well as gaseous CO2 (Figure 2g). Thermometric experiments on the same type of inclusions from the Khalyuta complex demonstrated signs of silicate–salt immiscibility at temperatures above 780–800 °C (Figure 2h), which is consistent with our previous report [46]. Detailed information on parameters associated with the entrapment of inclusions in minerals from carbonatites and associated magmatic rocks from Siberia and Mongolia may be found in the Supplementary Materials (Tables S1 and S3.1).



Inclusions of zircon are situated in magnetite from the carbonatites of the Yuzhnoe occurrence, as well as polymineral inclusions of sulfate-carbonate composition containing daughter phases of calcite, strontianite, and alkaline (Na-Ca) carbonates, as well as sulfates of baryto-celestine composition (Figure 2i). Fluid inclusions in bastnaesite and fluorite of the Ulan-Ude occurrence were derived from an orthomagmatic carbonatite saline melt, consisting of up to 90 vol.% salts, of carbonate (Ca, REE)–sulfate (Ca, Na) composition, at temperatures above 490–520 °C [52]. Additionally, the analysis of daughter crystalline phases in brine–melt inclusions in bastnaesite and fluorite, of the Ulan-Ude complex, showed the presence of Na and Ca sulfates, such as glauberite and thenardite, as well as Ca and F-REE-carbonates, such as calcite (with an admixture of 0.5–2.3 wt.% SrO) and parisite/synchysite (?) (Figure 2j,k). Therefore, the fluorite–bastnaesite rocks of Ulan-Ude may represent a specific ore-bearing orthomagmatic fraction, which has been well established in all carbonatite complexes of the Western Transbaikalia.



The relevance of sulfate in the formation of the West Transbaikalia carbonatites is well-established [54]. Primary brine–melt inclusions with high concentrations (52–74 wt.%) of Na, -K-, Ba-Sr-, and Ca-sulfates (predominantly), as well as alkaline (Na-K-Ca) carbonates and fluorine-bearing REE-carbonates (bastnaesite-(Ce)), are found in carbonatites from the Yuzhnoe (bastnaesite), Khaluta, Arshan (fluorites), and Ulan-Ude (bastnaesite, fluorite) complexes. The gas phase includes CO2 ± N2 ± H2. The homogenization temperatures of inclusions are greater than 480–560 °C. As the orthomagmatic (carbothermic) fluid evolves into the hydrothermal stage, the conditions of mineral formation change in the TX system. At 520–440 °C, a chloride–carbonate–sulfate (63–52 wt.%) brine evolves into a chloride–sulfate–carbonate (K, Ca, Na, Sr, Ba)-CO2 (42–38 wt.%) solution. This solution is later diluted by meteoric waters at 400–370 °C. At 250–135 °C, a hydrous-carbonate–sulfate–chloride solution (16–15 wt.%) evolves into a bicarbonate–chloride (Ca, Mg, Fe3+, Na, K)-CO2 ± N2 ± H2 low-concentration (<<15 wt.% NaCl-eq.) solution (see Tables S1 and S3.1). Estimates of pressure entrapment for the Western Transbaikalia brine–melts, based on the density of carbon dioxide (thermo-freezing data), show an interval between 280 and 310 MPa, followed by a decrease to 250 MPa and below during fluid evolution.



In our previous study [37], we investigated the Carbonatites of the Central Tuva region. In this study, we present new data in conjunction with the results of previous studies to improve and integrate them with modern analyses of inclusion composition and capture regimes (Table S1). This approach has significantly enhanced our understanding of the primary formation stage of ankerite–calcite carbonatites (Figure 3a–d). Our results from melt inclusions in apatite, phlogopite, and quartz suggest that the ankerite–calcite carbonatites (the first intrusive stage of carbonatites) in the Karasug alkaline complex formed from a silicate–carbonate melt at temperatures above 790–820 °C [37]. Additionally, modern thermometric studies and systematic compositional analyses of mineral phases in melt inclusions have revealed clear processes of carbonate–silicate immiscibility (Figure 3a). The ankerite composition contains an admixture of up to 3.2 wt.% SrO, while the silicate phase yields Si, Al, Ca, Na, K, Fe, Mg, Ti, O, Cl, and OH (Table S1). Furthermore, we found that fluorites from the ankerite–calcite carbonatites of the Karasug and Ulatai–Choza complexes enclose brine–melt inclusions of Na-K-Ca-Mg-Fe-(Ba-Sr) fluoride–sulfate–carbonate–chloride composition (Figure 3b–d; Table S1). The homogenization temperatures of the brine–melts range between 610 and 650 °C, and these melts were trapped at a minimum pressure of 340–350 MPa [37]. The second stage of Tuva Fe-F-REE (ore)-bearing siderite carbonatites is intimately associated with the formation of Na-K-Ca-Fe-Ba-Sr-REE fluoride–carbonate–sulfate–chloride brine–melts at temperatures of 580–640 °C and a pressure of 290–350 MPa (Figure 3e,f; Tables S1 and S3.1) [37]. The next stage of fluid evolution is linked to high-salinity (60–40 wt.%) Na-K-Ca-Ba-Sr-REE fluoride–carbonate–sulfate–chloride solutions and salty (40–30 wt.%) sulfate–hydrous carbonate–chloride fluid (CO2 ± N2) solutions. These solutions formed at temperatures ranging between 480–420 °C and 380–300 °C and at pressures of about 250–180 MPa. The latter fluids are predominantly CO2-chloride in composition and are estimated to have formed at 300–250 °C and 75–500 MPa (Tables S1 and S3.1) [37].



Some studies have revealed that fractional crystallization and liquid–salt immiscibility contribute to the formation of melt inclusions in the alkaline silicate rocks of the Mushugai-Khudag complex [55,56]. The rock-forming minerals in the area, including melanephelinite, leucite phonolite, shonkinite, theralite, quartz syenite, rhyolite, magnetite–apatite, and celestite–fluorite, were found to have crystallized from silicate, salt–silicate, and salt melts in the range of 850–1220 °C [55,56]. Brine–melts of carbonate–phosphate, phosphate–sulfate, fluorine–sulfate, and chloride–sulfate compositions are believed to be responsible for the genesis of carbonatites and ore-bearing magnetite–apatite rocks [55]. Furthermore, recent research confirms that apatite–magnetite rocks were formed through crystallization differentiation from a silicate–salt melt with a high concentration of phosphates and sulfates at temperatures exceeding 830–850 °C and pressures of 320–340 MPa [39]. To examine the type of fluid involved in carbonatite formation, we used our own database from previous work [39,57] and expanded the information (Figure 4; Table S1) by analyzing melt inclusions in fluorapatite and fluorite from calcite–fluorite and apatite–magnetite rocks by using LA-ICP MS results.



Inclusions of melt and brine–melt in fluorapatite from magnetite–apatite rocks exhibit high concentrations (89–97 wt.%) of silicate and silicate–phosphate–sulfate–CO2(L) fluids, which homogenize at 830–850 °C and 500–580 °C, respectively (Figure 4a–e; Table S1). Crystal–fluid inclusions in apatite also contain phosphate–sulfate–chloride solutions (ranging from 60–45 to 20–10 wt.%) with homogenization temperatures falling within two ranges: 480–380 and 250–150 °C (Figure 4f; Tables S1 and S3.1). Meanwhile, brine–melt inclusions in fluorite from the calcite–fluorite rocks of the Mushugai-Khudag complex are composed of fluids with a carbonate–chloride–sulfate–CO2(L) composition (52–64 wt.%), and they homogenize at temperatures ranging from 500 to 530 °C (Figure 4g–j; Table S1). Late-stage quartz–carbonate–celestite–fluorite rocks were formed with the involvement of carbonate–sulfate–chloride–CO2(L)/CO2 ± H2 dense solutions, which vary in concentration from 46–38 to 13.9–6.5 wt.% and in homogenization ranging from 470–390 °C to 295–250 °C (Figure 4k; Tables S1 and S3.1).



A study was conducted to investigate the metal-bearing capacity of carbonatite brine–melts by using LA-ICP MS. The objective of the study was to analyze individual fluid inclusions in quartz and fluorite from carbonatites in Southern and Eastern Siberia, as well as from the Mushugai-Khudag complex, which includes both carbonatites and magnetite–apatite rocks (Tables S2 and S3.2–S3.4).



The results of the study show that alkaline rocks from the Central Asian carbonatite province exhibit high concentrations of Na, K, Fe, Mn, Ca, Sr, and Ba, of 0.5n–10n wt.%, and high LREE and Y, of approximately 10n ppm—0.1–1n wt.%. In addition, high concentrations of Th and U were observed, which ranged from 0.1n to 10 n ppm (Tables S2 and S3.2–S3.4). Figure 5 displays different stack bars showing the relative element concentration for a given composition of the brine–melt inclusions.



Our LA-ICP-MS data reveal that carbonatites of the Central Tuva region have relatively high concentrations of Na and K, similar to the Yuzhnoe carbonatites from Western Transbaikalia (Figure 5). On the other hand, higher Ca contents in brine–melt inclusions are more typical of calcite carbonatites from Tuva and Transbaikalia and of fluorite-bearing rocks from Mushugai-Khudag. Additionally, Fe-ores are intrinsic to the magnetite–apatite rocks of Southern Mongolia, as well as the siderite carbonatites of Central Tuva (Figure 5b). Meanwhile, LREE (light rare earth elements) are evenly distributed in the brine–melts of REE-carbonatites of the Central Asian province. However, a slightly higher amount of Ce is characteristic of the carbonatite ores from the Ulan-Ude and Karasug deposit (Figure 5c).





5. Discussion


Petrogenetic Aspects of Carbonatites


Detailed analyses of melt and fluid inclusions in carbonatites and associated alkaline–silicate rocks from the Central Asian carbonatite province have revealed the participation of both silicate–salt immiscibility and fractional crystallization mechanisms in the origin of these carbonatite complexes. However, it is crucial to understand the specific stages and formation mechanisms of ore-bearing associations during the mantle–crustal evolution of the primary carbonatite fluid–melts. As mentioned previously in the Introduction, the immiscibility alone cannot account for the concentration of REEs in carbonatites [25,61]. Nevertheless, during the early stages of crystallization, agents such as F, S, P, Cl, and calcite may participate in the accumulation of REEs [26]. When carbonatite melts become saturated with calcite and large amounts of carbonatite cumulates are formed, REEs become highly enriched in the liquid fraction due to their incompatibility with calcite [26]. Consequently, as carbonatite melts evolve into cumulates with higher Mg and Fe contents, key components (or agents) such as Na+, K+, Ca2+, H2O, CO2, fluorides, chlorides, and sulfates remain in the melt, acting as fluxes. These volatile flows are particularly fixed in carbonatite minerals in the form of specific brine–melt inclusions [37,62,63]. Therefore, interpreting the entrapment conditions and mechanisms by which brine–melt inclusions develop into fluid ones can also provide insight into the assessment of ore-forming processes in carbonatite complexes via the obtained PTX parameters.



Our study on the carbonatite complexes of the Central Asian fold belt enabled us to identify the compositional features and physicochemical conditions under which the entrapment of melt, brine–melt, and fluid inclusions occurred. Based on this information, we developed a preliminary petrogenetic model of alkaline–carbonatite systems and assessed the mechanisms and conditions of (ore-) mineral formation (Tables S1 and S2, Figure 6). We observed a very similar fluid evolution path, from brine–melts to carbothermal and/or hydrothermal fluids, as well as comparable mineral and ore-forming processes for identical F-REE types of carbonatite complexes in various regions. These regions include the Central Taimyr region (Arctica) [64], the carbonatites of the Roman Region (Italy) [22,65], and well-known alkaline–carbonatite complexes such as Bayan Obo, Maoniuping, and Dalucao (China) [7,8], as well as carbonate-rich rocks of Amba Dongar in India [9], Kangankunde in Malawi [10], Okorusu in Namibia [11], and Barra do Itapirapuã in Brazil [12]. The results of these investigations may contribute to the understanding of mantle sources, but the mantle source composition is not presented in this report.



The alkaline–carbonatite complexes of Western Transbaikalia are genetically associated with K-alkaline–silicate rocks such as shonkinites and alkaline syenites. Melt inclusion data indicate that the carbonatites of the Khalyuta complex formed due to silicate–carbonate–sulfate immiscibility at temperatures above 780–800 °C (Table S1; Figure 6). Brine–melts of the Khalyuta, Yuzhnoe, Arshan, and Ulan-Ude carbonatites have an alkaline chloride–carbonate–fluorine–sulfate composition and were formed at temperatures ranging from 560–480 to 520–440 °C at trapping pressures of approximately 280–310 MPa (Table S1; Figure 6). The main ore-bearing (F-Ba-Sr-REE) mineral assemblages were formed from brine–melts and can be found in calcite, fluorite, bastnaesite-(Ce), biotite, barite, celestite, monazite-(Ce), albite, K-feldspar, Nb-rutile, ilmenite, glauberite, plumbojarosite, etc. (Table S1). Notably, specific brine–melts are significantly enriched in ores, such as the fluorite–bastnaesite carbonatites of the Ulan-Ude complex, where the concentration of light lanthanides can reach up to a few percent, which distinguishes them from other deposits of the Central Asian province (Table S2 and Figure 5). The next stage of mineral formation and mineralization of barite, fluorite, calcite, celestite, monazite-(Ce), parisite-(Ce), synchysite-(Ce), siderite, etc., is related to concentrated fluids of sulfate–carbonate–chloride and bicarbonate–chloride compositions, with homogenization temperatures ranging between 400–370 °C and 250–135 °C and enclosing pressures below 250 MPa (Table S1).



The carbonatites in the Central Tuva region were emplaced in two stages, producing ankerite–calcite and siderite ore-bearing carbonatites, but their relationship with spatially associated alkaline silicate rocks in lamprophyres and alkaline syenite complexes has yet to be determined. However, our melt inclusions study on carbonatites clearly indicates evidence of silicate–carbonate immiscibility (>>790–820 °C) (Table S1; Figure 6). The brine–melts of ankerite–calcite carbonatites in the Karasug and Ulatai-Choza complexes have a fluorite–sulfate–carbonate–chloride composition with homogenization temperatures of approximately 610–650 °C and trapping pressures above 350 MPa (Table S1; Figure 6). In the first stage of formation, the Central Tuva carbonatites crystallized calcite, ankerite, phlogopite, fluorapatite, Ti-magnetite, quartz, albite, muscovite, fluorite, monazite-(Ce), and bastnaesite-(Ce) (Table S1). The ore-bearing Fe-F-Ba-Sr-REE brine–melts of siderite carbonatites yield a fluorite–carbonate–sulfate–chloride composition, with homogenization temperatures of brine–melts of about 650–610 °C and enclosing pressures of 290–350 MPa (Table S1; Figure 6). This stage produced siderite, calcite, dolomite, fluorite, quartz, barite, Ba-celestite, bastnaesite-(Ce), fluorapatite, muscovite, and magnetite (Table S1). Moreover, the ore-bearing brine–melts of siderite carbonatites are enriched in high Ce and K (Figure 5). The hydrothermal stage of the Central Tuva carbonatites is related to saline fluoride–carbonate–sulfate–chloride and sulfate–hydrous-carbonate–chloride fluid solutions derived at 480–420 °C and 380–300 °C and pressures of approximately 250–180 MPa. These fluids were responsible for the second ore-forming stage in carbonatites, which include mineral assemblages with siderite, calcite, dolomite, fluorite, quartz, barite, Ba-celestite, bastnaesite-(Ce), parisite-(Ce), synshysite-(Ce), xenotime-(Y), fluorapatite, strontianite, and sericite (Table S1).



The Mushugai-Khudag alkaline complex is composed of various types of ore-bearing rocks, such as magnetite–apatite and calcite–REE–carbonate–celestine–fluorite, formed through silicate–salt (carbonate–sulfate) immiscibility, fractional crystallization, or immiscibility that generated a separate iron phosphate fraction from the brine–melts (Table S1; Figure 6). The experimental replication of the latter process has been reported [66]. The brine–melts mostly exhibit silicate–chloride–phosphate (in magnetite–apatite rocks) and carbonate–chloride–fluorine–sulfate (in REE–carbonate–fluorite rocks) compositions, with distinct homogenization temperature ranges of 830–850 °C and 500–580 °C (Table S1; Figure 6). On the other hand, silicate–chloride–phosphate brine–melts gave rise to the formation of magnetite, fluorapatite, ilmenite, and phlogopite, while fluorine–sulfate brine–melts led to the crystallization of magnetite, calcite, apatite, fluorite, barite, celestite, and REE carbonates and phosphates (Table S1; Figure 6). Additionally, crystal–fluid inclusions composed of carbonate–chloride–sulfate with homogenization temperatures of 500–530 °C and hydrothermal carbonate–sulfate–chloride fluids with homogenization temperatures ranging from 470–390 °C to 295–250 °C are closely associated with ore-bearing mineralization of monazite-Ce, celestite, rutile, quartz, fluellite, fluorite, barite, gypsum, bastnaesite-(Ce), monazite-(Ce), ilmenite, rutile, siderite, and phosphosiderite (Table S1).





6. Conclusions


In this study, we conducted comprehensive investigations of the physicochemical parameters of melt and fluid inclusions in rock-forming minerals from alkaline rocks in the Central Asian carbonatite province. Our findings revealed that these minerals were formed through silicate–carbonate (salt) immiscibility processes, involving fractional crystallization. The alkaline–carbonatite cumulates correspond to distinct saline–melt fractions that differ in the amount of main salt components, thus defining the type and concentration of ores. These salt fractions are unambiguously identified as brine–melt inclusions, which are directly linked to the processes of orthomagmatic carbonatite mineralization, as well as the first stage of ore formation.



In addition, our results demonstrate that the brine–melts are responsible for the F-Ba-Sr-REE mineralization in carbonatites and that their compositions differ depending on the type of carbonatite. In the Western Transbaikalia carbonatites, the brine–melts have an alkaline chloride–carbonate–fluorine–sulfate composition, and their formation is associated with temperatures of approximately 560–440 °C and pressures of 280–310 MPa. The ankerite–calcite carbonatites of the Central Tuva complexes have brine–melts with a fluorite–sulfate–carbonate–chloride composition, which is characterized by homogenization temperatures of approximately 610–650 °C and trapping pressures above 350 MPa.



In the siderite carbonatites, the ore-bearing brine–melts correspond mainly to fluorite–carbonate–sulfate–chloride compositions, with homogenization temperatures of approximately 650–610 °C and enclosing pressures ranging from 290 to 350 MPa. In the Mushugai-Khudag complex, the brine–melts of alkaline ore-bearing rocks have a silicate–chloride–phosphate composition, while magnetite–apatite rocks are characterized by carbonate–chloride–fluorine–sulfate composition, including REE–carbonate–fluorite rocks. Homogenization temperatures for the brine–melts were observed to be 830–850 °C and 500–580 °C.



The final stages of carbonatite system evolution, which include the formation of ore deposits, are closely linked to the presence of saline hydrothermal fluids, as evidenced by the presence of saline crystal–fluid inclusions. These fluids are believed to be responsible for the second stage of F-(Ba)-(Sr)-REE mineralization. In the CACP complexes, the saline crystal–fluid inclusions typically exhibit fluorine–sulfate–carbonate–chloride and bicarbonate–chloride compositions, with homogenization temperatures ranging from 480 to 250 °C and trapping pressures below 250 MPa.



The evolution of carbonatite systems from brine–melts to purely hydrothermal fluids, as well as the ore and mineral formation processes described here, may represent natural mechanisms that are applicable to other F-REE carbonatite complexes, whether they are associated with rift-related plumes or occur in orogenic belts.



Overall, this study provides insight into the diverse nature of brine–melts in carbonatite complexes and their role in the process of mineralization. The results can be useful for understanding the mechanisms underlying the formation of ore deposits in these rocks.
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Figure 1. Geological settings of the Central Asian alkaline–carbonatite complexes. (a) Location of the carbonatite complexes within the Late-(Middle) Mesozoic rift system of the Central Asian fold belt [51]. (b) Simplified geological maps of the Western Transbaikalia carbonatites [52]. (c) The Central Tuva carbonatites [37]. (d) The Mushugai-Khudag (South Mongolia) alkaline–carbonatite complex [39]. Abbreviations are given according to [53]. 
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Figure 2. General aspects of inclusions in different minerals comprising carbonatites and associated alkaline magmatic rocks of the Western Transbaikalia carbonatite complexes. (a–d) Mineral, melt–silicate, and carbonate–sulfate–silicate inclusions in titanite from shonkinites; (e) sulfate–silicate inclusions in K-feldspar from alkaline syenites; (f) carbonate–sulfate–silicate inclusions in clinopyroxene from shonkinites of the Khalyuta complex (results from SEM-EPMA analysis). (g) Microphotographs of a melt inclusion, including the (h) results of thermometric studies of melt inclusions in shonkinite clinopyroxene (Khalyuta); (i) SEM-BSE image of a polymineral inclusion in magnetite from the Yuzhnoe carbonatite; (j) microphotograph of brine–melt inclusions in bastnaesite-(Ce); (k) microphotograph of brine–melt inclusions in fluorite; and (l) microphotograph of gas–liquid inclusions in bastnaesite-(Ce) from Ulan-Ude carbonatites. The Raman spectra for the crystalline phases of brine–melt inclusions (j–l) present in [52]. Abbreviations of mineral phases according to [53]. 
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Figure 3. The composition of melt inclusions in carbonatites from the Central Tuva Region of Southern Siberia. Backscattered electron (BSE) image of an exposed melt inclusion (a), as well as microphotographs of brine–melt inclusions (b–d) in fluorite of ankerite–calcite carbonatites. Raman spectroscopy (e,f) showing the compositional mapping of a brine–melt inclusion in quartz from the Fe-F-Ba-Sr-REE-bearing siderite carbonatites. 
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Figure 4. Melt inclusions of the Mushugai-Khudag alkaline complex, including melt of Ca-P-K-Na-silicate composition (a) and silicate–phosphate–sulfate–CO2(L) brine–melt (b–f) inclusions, as well as crystal–fluid inclusions in fluorapatite from the magnetite–apatite rocks. (g–k) The brine–melt of carbonate–chloride–sulfate–CO2(L) composition and inclusions of crystal–fluid carbonate-sulfate-chloride-CO2 ± H2 in fluorite from the calcite–fluorite rocks are also shown, along with crystal–fluid inclusions in fluorite from late-stage quartz–carbonate–celestite-fluorite rocks. 
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Figure 5. Results from LA-ICP-MS investigations on brine–melt inclusions in the alkaline complexes of the Central Asian carbonatite province. (a) Representative microphotograph of a brine–melt inclusion. (b,c) Stacked bars of relative element concentration in brine–melt inclusions of different origins. 
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Figure 6. Petrogenetic model of alkaline carbonatite complexes from the Central Asian carbonatite province, depicting information on the composition of melt and brine–melt inclusions that are related to the formation of ore deposits. 
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