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Abstract

:

Currently, fluid inclusions in halite have been frequently studied for the purpose of paleoclimate reconstruction. For example, to determine the air temperature in the Middle Miocene (Badenian), we examine single-phase primary fluid inclusions of the bottom halites (chevron and full-faceted) and near-surface (cumulate) halites collected from the salt-bearing deposits of the Carpathian region. Our analyses showed that the temperatures of near-bottom brines varied in ranges from 19.5 to 22.0 °C and 24.0 to 26.0 °C, while the temperatures of the surface brines ranged from 34.0 to 36.0 °C. Based on these data, such as an earlier study of lithology and sedimentary structures of the Badenian rock salts, the crystallization of bottom halite developed in the basin from concentrated and cooled near-surface brines of about 30 m depth. Our results comply with the data on the temperature distribution in the modern Dead Sea.
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1. Introduction


The Paratethys was a system of interconnected epicontinental seas linked with the Mediterranean and periodically with the Atlantic and Indian Oceans. That chain of basins existed in various configurations from the early Oligocene to the late Middle Miocene. Episodically, due to complex tectonic and/or glacio-eustatic processes, the marine gateways to open oceans were closed, and the hydrological exchange between different basins was restricted. Consequently, large hypersaline waters became the sources of regional-scale saline formations, developed from the Burdygalian to the Serravalian in the Carpathian area, the Red Sea, and the Middle East.



One of the most widespread salt formations was formed in the Middle Miocene (Badenian) during the Badenian Salinity Crisis (BSC) around 13.8 to 13.4 Ma [1]. Those Badenian salts can be found in modern Poland, Ukraine, Romania, Slovakia, Hungary, and Bosnia and Herzegovina. The stratigraphic position, radiometric ages of accompanying tuff layers, and similar lithology of salt deposits (rock salts with anhydrite and intercalation of terrigenous clays) allow for a general correlation of formations [2] and indicate homogeneous paleoclimatic conditions of salt basins in the Central Paratethys.



The carbon and oxygen isotopic composition and the Mg/Ca ratio of calcareous shells of microfauna are some of the essential elements of the reconstruction of paleotemperature in ancient marine basins. However, the prohibited macrofaunal ecosystems during salt deposition do not allow for the application of the methods mentioned above to reconstruct paleoclimatic conditions.



The fluid inclusions trapped in minerals provide information on temperature, pressure, and fluid composition correlated with various geologic processes [3]. Consequently, a standard research methodology has been developed to interpret data from fluid inclusions [3,4,5,6,7]. Therefore, fluid inclusions in halite increasingly attract researchers’ attention as a source of direct data and information on the halite crystallization temperature [8,9,10,11,12].



This paper presents the temperatures of homogenization in single-phase fluid inclusions contained in halite originating from various cores and mine faces of rock salts in the Carpathian area. The results of the study were used to construct a model of saline sedimentation during the Badenian Salinity Crisis.




2. Geological Setting


The Badenian, the period equivalent to the Upper Langhian–Lower Serravalian, has traditionally been divided into three parts by Papp et al. [13]: Lower (Moravian), Middle (Wielician), and Upper (Kosovian) Badenian. This division took into account the evaporites of the Middle Badenian (Wielician). According to new chronostratigraphic data, e.g., [14], evaporites are classified as the Late Badenian formations.



Based on the radiometric dating of tuff layers in the Wieliczka salt mine, the evaporite deposition onset was 13.81 ± 0.08 Ma [1]. The records of the correlation with the oxygen isotope showed that the evaporites had been closely preceded by glacial event Mi-3b dated in the Mediterranean at 13.82 ± 0.03 Ma [15]. That coincidence in time strongly indicated that the formation of Badenian evaporites was caused mainly by a glacio-eustatic sea-level drop of ~50–70 m [16,17], reflecting the restarting of Antarctic glaciation. That event probably ended with a restricted open-marine connection to the Mediterranean (Trans-Tethyan Trench), with the disconnection of the Eastern Paratethys (the Bârlad Strait), thereby trapping the saturated brine in the deep parts of the Central Paratethys Basins [1,18,19]. The entire event may have lasted ~400,000 years in the Carpathian area and ended before 13.32 ± 0.07 Ma ago [20]. The Central Paratethys returned to open-marine conditions, and the Eastern Paratethys remained more brackish [17,19]. According to other authors [21], reconnection to the open ocean occurred before ca. 13.06 ± 0.11 Ma.



In the Central Paratethys Basin (Figure 1), evaporites accumulated in the Carpathian Foredeep Basin and its foreland [2,22], the Transylvanian Basin, e.g., [23,24], the Transcarpathian and East Slovakian Basins [25], the area of the Mid-Hungarian shear zone [26], and the Tuzla Basin in Bosnia and Herzegovina [27].



The Carpathian Foredeep developed during the Early and Middle Miocene as a peripheral flexural foreland basin in front of the advancing Carpathian front [32]. That basin can be subdivided into inner and outer sections [32,33,34]. Two Badenian evaporitic lithofacies are distinguished within those deposits: sulfate facies (gypsum and anhydrite) and chloride facies (rock salt rock with intercalations of claystone and anhydrite). The evaporites of sulfate facies are widespread in the outer part of the Carpathian Foredeep, and they partly cover the platform (Figure 1). They also occur in the Carpathian Foredeep Basin, from Moravia in the western Czech Republic, through southern Poland and western Ukraine, to the Ukrainian–Romanian borderland and Moldova [2]. The evaporites of chloride facies occur in the deepest sections of the outer foredeep basin, in a narrow zone extending along the Carpathian overthrust and under the Carpathian overthrust’s nappes [22,35,36]. In the Polish range of the Carpathian Foredeep, the salt-bearing series of the Wieliczka Fm is very well recognized in the salt mines in Wieliczka and Bochnia, e.g., [22,35,36,37,38,39,40,41]. Samples of halite with an admixture of anhydrite were taken in the Wieliczka salt mine from different lithological varieties of rock salt (Table S1 in Supplementary Materials).



Evaporite deposits called ‘Tyras suite’ occur in the Ukrainian range of the Carpathian Foredeep (Badenian). The term ‘suite’ generally corresponds to a whole formation, but it is poorly defined with less complex stratigraphy [42]. In the outer zone of the foredeep, the salt-bearing sediments occur between the villages of Korshiv, Kolomiya, Kosiv, Zabolotiv of the Ivano-Frankivsk area, and Bohorodchany and Bratkivtsiv. The salt facies has also been found in the northeastern part of the inner foredeep zone: Kalush, Hrinivka, Drohobych, and Sambor regions [43]. Those evaporites (rock salt and gypsum, and anhydrite) are correlated with the Wieliczka Fm [44], as well as other salt-bearing formations on the territory of Romania and Slovakia [28]. Potash salts used to be extracted locally in the Kalush area (the Kalush-Holyn deposit) [45]. However, the stratigraphic position and age of the Kalush-Holyn potash salt deposits remains controversial and debated (Karpatian–Badenian age?) [42]. That geological situation is complicated because older potassium salts (Vorotyshcha suite) also occur in the inner foredeep of Ukraine, located beneath the Carpathian nappes. Those salts are associated with the lower molasses and used to be extracted in the Stebnik area. The relevant salt-bearing deposits belong to the Early Miocene–Burdigalian stage (Eggenburgian), e.g., [28,43,46,47] (Figure 2). Salt-bearing deposits of the Tyras suite were examined in the core of borehole Hrynivka no. 525. This drilling was made during the exploration of potash salts in the frontal part of the Sambir Zone in the Hrynivka area (ca. 12 km SE of Kalush). Badenian salts samples were collected for laboratory tests from depth interval 280 to 541 m (Table S1 in Supplementary Materials).



Two levels of evaporites occur in the Romanian range of the Carpathians. Older salts of the Lower Miocene (Lower Burdigalian) age occur in the majority of the area of the Eastern Carpathians, e.g., [48]. The original salt thickness is difficult to estimate. The salt bed is probably several hundred meters thick [49]. Anhydrites are occasionally present within the salt layers. Younger salts of the Middle Miocene (Badenian) have been developed as Upper Evaporitic formation or the Ocnele Mari sequence [50]. They represent mostly rock salts ca. 120 m thick, with thin marl and anhydrite intercalations at the base and marl and clay intercalations on top [2,51]. That salt deposit is mined at Slănic-Prahova (Victoria Salt Mine) [50,51]. A single rock salt sample was collected from the Slănic-Prahova salt mine from strata close to the surface. It is represented by thick layers of salt breccia (Cosmina Breccia) [2] (Table S1 in Supplementary Materials).



In the Transcarpathian Basin, the Badenian evaporites of the Tereblya suite [46] are divided into the lower (terrigenous–anhydrite–gypsum) and upper (salt-bearing) series. The lower series is composed of dark grey anhydrite, with intercalations of clays, siltstones, and sandstones, and also locally of gypsum, tuff, marls, and limestones. The upper Tereblya series consists of rock salt, with intercalations of grey clays, siltstones, and sandstones occasionally. The thickest salt-bearing sediments were identified in the axial south-eastern section of the Back–Carpathian Basin [43]. Samples of the Upper Tereblya suite come from the Solotvyno salt dome (Table S1 in Supplementary Materials). The salt thickness ranges there from several meters to 1400 m, although its primary sedimentation thickness is not more than 500–600 m.



The East-Slovakian Basin is the northernmost section of the extensive Pannonian Basin. It was formed within an intermountain depression, generally in the ‘horst-and-graben style’ of morphology [52], mainly resulting in syndepositional fault activity. Two evaporite intervals occur there: the lower Solna Bania formation of the Early Miocene age (Karpatian) and the upper Zbudza formation Middle Miocene (Badenian), covering most of the East Slovakian Basin area [53,54] (Figure 2). Salt-bearing deposits of the Zbudza Fm contain pure or clayey halites, with nodular anhydrite, interbedded with siliciclastics [25].



Salt-bearing deposits of the Zbudza Fm are analogs of the Tyras suite and Wieliczka Fm from the Carpathian Foredeep (Figure 2). Samples of rock salts come from borehole Ep-2 at a depth interval of 130–246 m [55] (Table S1 in Supplementary Materials).



In the Transylvanian intermountain depression, the Badenian salts occur in almost all areas. Post-depositional salt tectonics determined the present thickness of the salt. Primarily, the top of the salt series is folded, while the base is almost horizontal. About 40 salt structures have been recognized there (e.g., Dej, Turda, Ocna Mureş, Praid, and Sovata), reaching 1000–2000 m in diapir bodies [23]. They are located in two major, roughly north–south oriented lineaments, situated near the western and eastern borders of the Transylvanian Basin. Diapir structures were developed especially on the eastern side, where diapirism was strongly enhanced by regional tectonics (compressive stress field) and Neogene volcanic activity [56]. The Transylvanian depression was investigated and the rock salt from the Ocna Dej salt dome was sampled, with a total tectonic thickness of ~1800 m (Table S1 in Supplementary Materials).



The newly discovered massive evaporites from the Soltvadkert Trough in Hungary, 50 m thick, were described and documented by Baldi et al. [26]. Those evaporite deposits were correlated with other Badenian salt-bearing formations in the Carpathian area. According to micro-paleontological research [57], the salt formation was deposited in the Tuzla Basin in Bosnia and Herzegovina during the Middle Miocene (lower Badenian, calcareous nannoplankton NN5 Zone) [27].




3. Materials and Methods


The method of homogenization of inclusions is based on the assumption that the inclusions were trapped as a single, homogeneous phase when the host minerals precipitated. The composition of inclusions was not changed after entrapment, and the volume of the inclusions has remained unchanged until today [3,58,59,60,61]. The homogenization temperature (Th) can be recorded during heating of the two-phase (with a captive mineral or gas phase) inclusions into single-phase ones. According to theory [3,62], the temperature represents the minimum temperature of the environment during the mineral formation (in such a case, it was the temperature of brine in the salt basin). However, primary fluid inclusions in the halite can remain single-phase, especially when the temperature of halite crystallization was close to ambient temperature due to metastability and below 40–45 °C [63]. Thus, a vapour phase had to be artificially induced in the laboratory by sample cooling in a freezer [64].



Moreover, the lower the concentration of brines in the inclusions, the easier it was to obtain the gas phase [65]. When the brine concentration increased to the onset of halite crystallization, the gas phase appeared after 1–2 days (at the temperature of 0–5 °C). When the concentration of brine was close to the stage of potassium salts, crystallization appeared only after 60 days, after halite cooling at the temperature of −10 °C [66]. That method was tested on halite crystals grown in laboratory conditions and those collected from modern salt lakes, with satisfactory results [64,67].



In our research, a heat chamber designed by Kalyuzhny [68] was applied. That instrument allowed for the observation of the homogenization processes of a large number of inclusions in halite. Research practice, with the application of such a heating chamber, made it possible to establish the temperature determination accuracy of ±2 °C, in the range from 30 to 250 °C [62]. To improve the accuracy and quality of measurements, the convenience of working with the thermometric installation, based on the experience of operating previous designs of low-temperature thermal-cryo chambers, has made several modifications to the existing design [69]. In particular, the replacement of the heat chamber material (stainless steel) by copper made it possible to avoid unnecessary thermal gradients in the chamber and increase the permissible heating rate by 20 times, owing to the higher thermal conductivity of copper. For the same purpose, the optical glass windows of the camera were replaced by leuco sapphire crystal, representing a significantly higher thermal conductivity. The measuring system of the setup was made on a miniature platinum resistance thermometer with an electronic measurement unit. Those improvements assured high system stability and good reproducibility of measurement results. The temperature value variations during repeated measurements did not exceed 0.1 °C. The chamber was checked for temperature gradients using sulfur, sodium thiosulphate, and ice. Temperature gradients were reduced, and convection air flows in the camera were leveled when we used a plug-in copper camera cover in the form of a cap with a sapphire window. Besides, there was no significant deterioration of the observation conditions.



To study the temperature of homogenization of halite inclusions, 1–2 mm thick plates were prepared. Then, they were wrapped in foil and cooled in sealed containers at the temperatures of −5 °C and −10 °C, for 2–4 days. When the gas phase appeared in the initial single-phase fluid inclusions, the plates were placed on a sapphire glass slide in the heat chamber. The standard heating rate of the preparation during measurements was 1–2 °C/min. and it decreased as the homogenization temperature approached 0.2 °C/min., using a two-stage adjustment.



We studied 10–75 µm fluid inclusions in the near-surface cumulate halite, bottom-growth chevron halite, and full-faceted cubic halite. Near-surface cumulate halite originated from the brine-air interface and grew in the upper layers of saturated brine due to intense water evaporation [70,71,72]. We did not find a lot of preserved ‘classical’ cumulate halite in the Badenian salts of the Carpathian region. Due to halite’s fragile and skeletal texture, most crystals were crushed and later served as nuclei for the bottom-growth halite crystals. In the Badenian salts, only rare fragments of cumulate halite textures were found, with numerous fine inclusions (Figure 3A,B). Large inclusions were found there on the background of small ones. Transparent areas without inclusions along the perimeter of large ones were also observed (see Figure 3A,B).



Bottom-growth halite, with zonation (chevron, Figure 3C), and halite, with weakly expressed zoning, were noticed (Figure 3D). Full-faceted cubic crystals with stepped faces or strongly elongated lateral faces (rectangular parallelepipeds) were also common. The cross-section in the upper part of the rectangular parallelepipeds resembled the structure of near-surface halite (Figure 3E). However, in the longitudinal section, halite did not have a characteristic V-shape (Figure 3F).



The fluid inclusions of the Badenian salts dominated as a single-phase liquid. Less frequent were two-phased (gas–liquid) inclusions that had originated mainly from overheated salt deposits subjected to re-crystallization during deep burial diagenesis and the tectonic processes related to the formation of the Carpathians [73,74,75,76]. There is no notice of captive minerals in fluid inclusions of the studied samples, probably because the brine concentration was too low. The inclusions sometimes contained xenogeneic crystals, terrigenous material, liquid, solid bituminous matter, plant debris, spores, pollen, and algae. The inclusions were in the form of negative cubic crystals, and their sizes often exceeded 150 µm, sometimes reaching 600 µm. The length of chevron halite textures was usually from 0.5 to 2.5 cm, sometimes from 7 to 10 cm. Previous studies [63,77] showed that the growth rates of near-bottom halite exceeded the growth rates of halite in modern salt lakes by 2–3 times and reached 1.15 mm per day.




4. Results


The 435 measurements of homogenization temperatures (Th) of the fluid inclusions in halite, presented in this paper, involved 36 crystals of chevron halite and two crystals of near-surface cumulate halite. We studied inclusions 30–100 µm in size. Commonly, the homogenization temperature values did not depend on the size of the inclusions (excluding the near-surface halite). Information about the type of rock salt and sampling depth from boreholes is indicated in Table S1 (in Supplementary Materials). All our samples represented Badenian salts and came from the Carpathian area: Wieliczka, Hrynivka, Zbudza, Slănic-Prahova, Okna Dej, and Solotvyno (Figure 1). The total range of homogenization temperatures was 13.0–36.0 °C (Table S1 in Supplementary Materials).



The homogenization temperatures of the inclusions of the bottom-growth halite were not correlated with inclusion sizes. Within one and the same sample, the inclusions were homogenized in a narrow temperature range. In different samples of near-bottom halites, the ranges of homogenization temperatures of inclusions were somewhat diverse, and the spread of homogenization temperatures did not exceed 9 °C. In reference to the homogenization temperature ranges, one could distinguish two groups of samples. Respective homogenization temperatures were in the ranges from 13.0 to 22.0 °C (relatively low temperature), and 17.5 to 26.0 °C (relatively high temperature) (Figure 4). The temperature graphs (Figure 4 and Figure 5) show respective groups of the maximum number of measurements (>20), in the intervals from 18.0 to 19.0 °C, and 23.0 to 23.5 °C, in respect of selected groups of samples. The average homogenization temperatures for both groups of samples were, respectively 18.0 °C (low temperature) and 24.0 °C (high temperature).



The homogenization temperatures of inclusions found in the near-surface halite (cumulate texture of halite) ranged from 20.0 to 36.0 °C (Table S1 in Supplementary Materials). The spread reached 16 °C in the near-surface halite (samples 116 and 34 from the Solotvyno Salt Mines, Table S1). Thus, the large inclusions of the near-surface halite, which were clearly distinguished on the background of small ones, represented lower homogenization temperatures.




5. Interpretation and Discussion


Full-faceted halite forms found in salt-bearing sediments (constituting the overwhelming part of bottom crystals) indicated an insignificant supersaturation of brines due to the frequent growth rates of the edges, tops, and bottom-halite edges leveled off, with stepwise edge growths. In addition, the apparent difference in the sizes of fluid inclusions in cumulate and chevron halites indicated their growth from brines characterized by various concentrations and temperatures [77].



The study of the fluid inclusions occurring in laboratory halite crystals that precipitated from 30 to 40 °C showed homogenization of gas-liquid inclusions in halite (with a gas phase obtained artificially after halite freezing) had occurred in a specific temperature range [67,79]. Thus, based on a sufficiently large number of examinations, the actual temperature of mineral formation was determined in reference to the maximum homogenization temperature value [79] or determined from the last maximum of homogenization temperatures of inclusions +1 °C on the histogram of their distribution [67].



Based on that and upon completion of our studies, the temperature ranges of the mineral formation at the bottom of the Badenian salt-bearing basins were determined to be from 19.5 to 22.0 °C and 24.0 to 26.0 °C (Figure 5A), and those of the brine surface from 34.0 to 36.0 °C, respectively.



A few near-surface halite nuclei were re-crystallized at the bottom of the basin. Large inclusions of cumulate halites representing low homogenization temperatures (Table S1 in Supplementary Materials) were the inclusions formed in the deposit’s bottom environment. That was indicated by the inclusions’ shapes, sizes, and locations in the texture. It was obvious that the bottom halite had been formed within cooled saturated surface brines. However, the mechanism of that type of crystallization was not clear.



At present, there are no salt-bearing sea basins on Earth in which the accumulation of thick rock-salt layers would take place. However, the study of the halite crystallization mechanism in modern lakes showed that, similarly to ancient basins, two genetic varieties of sedimentation halite had developed: near-surface (cumulate) and bottom (chevron and full-faceted) halites [63,80,81]. The zonal structure of the near-bottom crystals developed owing to the uneven flow of saturated brine, caused by the changes in the evaporation rates of the solution and day/night temperatures. The moments of faster growths were found in a larger number of inclusions than those of slower growths [82]. ‘Apparently, the most rapid growth occurs in the evening and at night in summer, when the temperature drops and the rapidly cooling upper layers of concentrated brine sink to the bottom’ [83].



5.1. A Model of the Badenian Salt-Bearing Basins without Thermocline


Under that model, we assumed that the thermal regime of the basins was not the same throughout the water column in the daytime and leveled off at night. Bottom halite grew intensively from cooled supersaturated near-surface brines. Due to rapid cooling in the evening and at night, it became heavier and dropped to the bottom of the basin. The temperature of the bottom brines was not stable, and it was consistently lower than that of the surface brines. Some differences in the temperature ranges of the gas–liquid inclusion homogenization in various investigated chevron halites were explained by various degrees of cooling of the saturated surface brines. Estimated depths of the Badenian salt-bearing basins, obtained earlier in the study of the gas saturation of fluid inclusions, amounted to 6–30 m [63].




5.2. A Model of a Relative Depth of the Badenian Salt-Bearing Basins with a Pronounced Thermocline


In the case of such a model, it was the most reasonable to use the data relating to the only contemporary deep salt basin, the Dead Sea, e.g., [78]. The sea is located in the Mediterranean climatic zone where the temperatures rise to 32–45 °C during the day in summer and drop rapidly to about 20 °C and less at night. In summer, the upper 25–30 m of the Dead Sea water column heats up to 34–36 °C. Below that depth, there is a thermocline, where the temperature drops rapidly to 26 °C at a distance of 2 m. Similar temperatures (~24 °C) were recorded on the Dead Sea floor (Figure 5B). In winter, the temperature of the whole water column is equalized and reaches about 24 °C [78].



The results of our research on the halite crystallization temperature in the Badenian basins of the Carpathian area are generally consistent with the data on the temperature distribution of the modern Dead Sea. Therefore, by analogy, based on the Dead Sea data [78], we can assume that the thickness of the water column in the Badenian salt basins was about 30 m. As shown in a previous study [81], the presence of bottom-growth halite with irregular zoning was associated with the growth of crystals in the local depressions of the bottom of the basin, where higher-density brines were accumulated. At the same time, rhythmic zoning in halite grew as a result of the influx of surface brine, concentrated during the daytime in deep zones with stable temperatures at the bottom of the basin (Figure 6).



Similar examples of different temperatures of homogenization of inclusions in halite are known from other salt basins. The presence of the so-called ‘low temperature’ (from 24 to 25 °C) or ‘high temperature’ (from 37.8 to 42.6 °C) in the bottom halite of the Permian Upper Pechora Basin [66] can be explained by the crystallization of halite at different depths in a saline basin with a pronounced thermocline. Those two types of halite were found in different sections of the basin and at different hypsometric levels. In the Upper Pechora Basin, homogenization temperature (Th), ‘low temperature’ (from 10 to 25 °C) and ‘high temperature’ (from 9 to 42.6 °C) indicated that halite was formed at various depths in the saline basin with a pronounced thermocline. The temperature range from 10 to 25 °C was close to that of the investigated halite of the Badenian Basin, which ranged from 13 to 26 °C, and possibly indicated the existence of ancient salt basins with a pronounced thermocline. The crystallization mechanism of the ‘high-temperature’, near-bottom halite of the Upper Pechora Basin was similar to that which existed in the shallow Permian saline basins in North America, with daily temperature fluctuations from 21.4 to 49.8 °C [84]. Fluid inclusions in primary chevron halite with homogenization temperatures between 5 °C and 25 °C, which represent brine temperatures during halite precipitation, were recorded from Silurian Salina Fm by Satterfield et al. [85].



The proposed temperature distribution on the model of the saline basins with a pronounced thermocline (Figure 6) is adequately justified to explain characteristic sedimentation features as gravity mass movements, e.g., submarine slumps, olistostromes, redeposited salt conglomerates, were well documented from Badenian salt deposits [25,35,86,87,88,89] and helpful in explaining the paleotemperature data for Paratethys during the Badenian Salinity Crisis [2,90].



The recorded global cooling event of Mi-3b, an age-term from ~13.9 to 13.7 Ma [91], related to the rapid expansion of the East Antarctic ice sheet, caused significant climate changes on a global scale and a glacial-eustatic drop of the sea level [1,16,17]. The global drop of the sea level limited the outflow of deep, highly salted water from the basins situated within the Carpathian areas [1]. The climate changed from subtropical to temperate in the Carpathian area [31]. However, the mean annual temperature was still relatively high (15–18 °C) [92], similar to the modern Middle East climate. Mg/Ca ratio paleothermometry for the planktonic species of foraminifera after the Middle Miocene Climatic Optimum show that the temperature of Central Paratethys seawater’s ranges from 24.3 to 25.8 °C (at depth ~50 m) and from 15.4 to 17.3 °C at the bottom basin (~400 m) [93].



Our data showed that the climate changes during the global cooling event did not significantly affect the temperature of seawater isolated in the Carpathians’ intra-mountain and fore-mountain salt basins. Based on the obtained data on the homogenization temperatures of inclusions, we could use only the data regarding near-surface halite to characterize the air temperature in the Middle–Late Badenian period, from which it could be inferred that the air temperature ranged from 34 to 36 °C in warm seasons.





6. Conclusions


Our research confirmed that paleotemperatures were reconstructed effectively by using the method of preliminary cooling of halite samples containing single-phase fluid inclusions, followed by subsequent homogenization of inclusions. In each studied sample, homogenization of inclusions occurred in a narrow temperature range. For example, the spread of homogenization temperatures did not exceed 9 °C in the case of chevron halite inclusions. When a sufficiently large number of determinations was available, the accurate mineral formation temperatures were determined based on the maximum value of the homogenization temperature.



It was determined that the chevron bottom halite of the Badenian salt-bearing basins of the Carpathian region crystallized from cooled, supersaturated near-surface brines. Consequently, the temperature of the bottom brines was always lower compared to that of the surface brines. On the surface, the temperature ranged from 34.0 to 36.0 °C, and at the bottom of the basin from 19.5 to 22.0 °C and 24.0 to 26.0 °C. Moreover, the temperatures of the surface brine corresponded to the temperatures of air.



Two models of the halite formation mechanism at the bottom of the basin were proposed:




	
Growth of bottom halite from cooled supersaturated near-surface brines, which, due to rapid cooling in the evening and at night, became heavier and dropped to the bottom of the basin.



	
Growth of bottom halite in basins with a pronounced thermocline. The model of ancient salt-bearing basins with a pronounced thermocline had a higher priority for explaining all sedimentation features. Some differences in the obtained crystallization temperatures of the bottom halite were associated with crystallization at various depths of the sedimentation basin bottom.








The results presented herein refer to the crystallization temperatures of halite in the Badenian saline basins that comply with the data on the temperature distribution in the water column of the modern deep sea, the Dead Sea.
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Figure 1. Paleogeographic map of sedimentation in the Badenian saline basins of the Central Paratethys, compiled after [25,26,28,29,30,31]. Locations of the investigated areas: 1—Wieliczka; 2—Hrynivka; 3—Zbudza; 4—Solotvyno; 5—Ocna Dej; 6—Slănic-Prahova. Salt basins: C.F.—Carpathian Foredeep; E.S.—East Slovakian Basin; T.C.—Transcarpathian Basin; T.R.—Transylvanian Basin; S.T.—Soltvadkert Trough; T.Z.—Tuzla Basin. Blue circles—boreholes with evaporites in the Soltvadkert Trough, after [26]. Square, gray symbols—main cities. 
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Figure 2. Correlation scheme of salt-bearing formations in Central Paratethys, after [42,43]. 
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Figure 3. Sedimentation textures of halite. (A,B) Relics of surface (cumulate) halite: Solotvyno, Mine No. 9, Sample 34; (C–F) bottom-growth (chevron) halite: Mukachevo, Borehole 6-T (C,D); Slănic-Prahova, Sample P-25 (E,F). 
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Figure 4. Distribution of the homogenization temperatures of the bottom halite inclusions from Wieliczka Salt Mine, Zbudza, Borehole Ep-2, Hrynivka, Borehole No. 525, and Solotvyno Salt Mine. Colour coding. Blue: temperatures ranging from 13.0 to 22.0 °C in 18 samples. Red: temperatures are ranging from 17.5 to 26.0 °C in 18 samples. The precision of the Th measurement (±0.5 °C). 
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Figure 5. (A) Distribution of the homogenization temperatures of the halite inclusions from the Badenian salt-bearing deposits of the Carpathian area (this study). Colour coding. Blue: temperatures ranging from 13.0 to 22.0 °C in 18 samples. Red: temperatures are ranging from 17.5 to 26.0 °C in 18 samples. Yellow: temperatures are ranging from 32.0 to 36.0 °C in 2 samples of cumulate halite. (B) Distribution of temperatures in the brine of the modern Dead Sea in the summer months (August 2015) [78]. 
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Figure 6. A model of the Badenian saline basin with a pronounced thermocline at depths of about 30 m. 
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