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Abstract

:

The paper presents research on chloride minerals of natural origin from Kłodawa (Poland), i.e., colorless, blue and purple halite as well as colorless sylvite. Selected samples of minerals were studied by chemical analysis (ICP-OES, ICP-MS, titration methods) and crystallographic measurements. Then, for the tested halides, research was carried out using far-infrared spectroscopy. Spectroscopic studies confirmed the simple way of distinguishing NaCl and KCl minerals using far-infrared spectroscopy, known in the literature. The novelty is that the article presents for the first time the experimental far infrared spectra of natural blue and purple halite. It was observed that the blue (178 cm−1) and purple (176 cm−1) halites have the strongest infrared band slightly shifted towards higher wavenumbers compared to colorless halite (174 cm−1). As part of the work, the infrared spectra of the crystal structure models of sodium and potassium chloride were calculated for the first time using the density functional theory (with the B3LYP functional and the 6-31G* basis set, 125-atom model). The proposed approach can be used not only as a powerful method differentiating NaCl and KCl minerals, but it can also help with understanding of different defects in crystal lattices for naturally occurring halides and crystals of other minerals.
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1. Introduction


The study on the mineralogical composition of the salt rocks in which salt caverns are leached was the impetus for the research presented in this paper. Large fuel reserves improve the country’s energy security as they stabilize seasonal demand and fluctuations in energy commodity prices. Reserves of liquid and gaseous energy resources are formed in salt caverns and in depleted reservoirs of hydrocarbons. Building underground gas storage in the salt cavern requires greater financial outlays than the adaptation of the depleted hydrocarbon reservoir. However, lower costs of gas consumption from salt caverns, the possibility of multiple injection and withdrawal cycles per year make the construction of this type of storage facility more profitable in the long term [1]. For this reason, most countries create new underground storages in salt caverns. In Europe, 35% of gas reserves (in underground gas storage) are stored in salt caverns [2]. In Poland, there are three underground storages of hydrocarbons in salt: Mogilno, Góra and Kosakowo (Figure 1).



Conditions suitable for the construction of underground salt storages exist in a large area of Poland, both in salt domes and layered salt deposits [3,4]. The lithological profile has a huge impact on the volume and shape of the caverns obtained [5]. Salt formations of undifferentiated mineral composition are best suited for this purpose. Salt rocks are aggregates of salt minerals originally formed in the process of chemical sedimentation through the evaporation of natural salt solutions. In terms of chemical composition, salt minerals are mainly sodium, potassium, calcium and magnesium chlorides and sulphates. These are halite (NaCl), sylvite (KCl), carnallite (KCl·MgCl2·6H2O), kieserite (MgSO4·H2O), anhydrite (CaSO4), gypsum (CaSO4·2H2O), langbeinite (K2SO4·2H2O), polyhalite (K2SO4·MgSO4·2CaSO4·2H2O) and kainite (KCl·MgSO4·3H2O) [5,6]. However, sodium chloride (halite) and potassium chloride (sylvite) are the basic salt rocks. The distinction between these minerals is very important from a practical point of view. As shown in Figure 2 [5], the rate of leaching of the sylvite-containing layers is higher than for halite, which adversely affects the shape of the cavern. The arrangement of rocks in the deposit, which is the result of its internal tectonics, has a great influence on the ability to control the development of the caverns. The most favorable situation is created by undisturbed, horizontal deposits of salt. Lithological variability in such deposits (variability of rock properties) is generally vertical. This direction is consistent with the direction of geological exploration in vertical boreholes and with the direction of development of the leaching chambers from the bottom to the top, which significantly facilitates the leaching design and construction of the chamber [5], as shown in Figure 2.



This is due to the difference in the solubility of halite and sylvite in water, which is the leaching medium during the formation of salt caverns. The difference in the solubility of halite and sylvite is especially visible at greater depths, where the temperature in the area of the salt chamber in the deposit is relatively high (approx. 70 °C). At the temperature of 25 °C, the solubility of NaCl and KCl is very similar and amounts to 26.483 and 26.476 g/100 g of H2O. On the other hand, at 70 °C, the solubility of NaCl and KCl is 27.338 and 32.582 g/100 g of H2O, respectively [7].



Halite and sylvite are one of the main components of chemical sedimentary rocks. They are readily dissolved in water, and therefore, the most common are formed by evaporation in the dry area [8,9]. Halite is chemically sodium chloride NaCl, which crystallizes in the cubic system and has low hardness (Mohs scale 2–3). Halite occurs widespread in the Earth’s crust [8,9,10]. It is usually colorless, but it is possible to occur in different colorful variants. The most common colors are: milky white, brownish, orange, red, purple, blue, pink and grayish. The color variations of the salt exist because of different reasons, most importantly: deformation of crystal lattice and occurrence of impurities or non-specifics ions inside of crystal structure [11]. Sylvite, chemically potassium chloride KCl, like halite, crystallizes into regular, cubic forms and has low hardness (Mohs scale 2). When sylvite is placed in a flame, the flame turns purple. Sylvite belongs to the minerals widespread only in certain parts of the Earth. The natural color of sylvite is colorless to white but it is possible to have colors due to inclusions, for instance yellowish red to red, purple, pale gray [9,11].



Halite and sylvite are difficult to distinguish only on the basis of the crystal’s morphology. The optical properties of these minerals are also similar to each other as both halite and sylvite are generally isotropic minerals. In a thin section, halite is colorless, pink, while sylvite is colorless, however, the much lower refractive index of sylvite allows for a distinction between both minerals. [12,13,14]. Halite and sylvite can also be distinguished by using the X-ray powder diffraction method and comparing peak positions of the experimental powder XRD patterns with patterns in databases [15,16]. Halite and sylvite do not exhibit first order Raman scattering because of the F-centers absence [10,17,18]. In the case of these minerals, Raman spectroscopy is mainly used to study inclusions and defects present inside them, especially in halite [10,18,19,20,21,22,23,24,25,26]. To detect inclusions in halite, the SEM-EDS (Scanning Electron Microscopy-Energy Dispersive Spectroscopy) method is also used [13,27]. Vibrational spectroscopy, like Raman, is used to study inclusions in alkali halides for example in sylvite [28]. Transparent halite induces faint absorption bands in the visible and near infrared [29,30]. In general, all the absorption properties for halide ions occur in the far infrared [30,31], however, there are studies where near infrared measurements have been used to study aqueous NaCl and KCl solutions [32,33].



In summary, halite and sylvite are the basic minerals of salt rocks. The detection and differentiation between these minerals are important for the salt cavern leaching process. The aim of the study was to check whether the DFT (Density Functional Theory) calculations for NaCl and KCl crystal models, which had not been used before, could be effective in the study of the structure and spectral properties of these salts. Another goal was to measure the far-infrared spectra of various naturally occurring halite and sylvite samples. To our knowledge, these spectra for the various colored halites are not yet reported in the literature.




2. Materials and Methods


2.1. Geological Setting of Halite and Sylvite Samples


Salt domes are one of the structural elements of the Polish Zechstein Basin. This basin is an eastern part of the extensive Central European Basin. The axial zone of the Polish Basin has the NW-SE orientation [34,35,36]. The basin was created as a result of thermal subsidence impulses, which had created the continental basins of the Upper Rotliegendes [37].



For correlation within the Zechstein Basin, a lithostratigraphic division was made based on the cyclic sedimentation of evaporates, called cyclothems—from PZ1 (oldest) to PZ4 (youngest). Traditionally, the cyclothems have names: PZ1–Werra, PZ2–Stassfurt, PZ3–Leine, PZ4–Aller. The three oldest (PZ1, PZ2, PZ3) are made up of carbonate–evaporate sequences. The youngest are terrigenous–evaporitic. On the axis of the Zechstein Basin, about 1500 m of evaporates were deposited during a 5-to-7-million-year interval. Zechstein cyclothemic deposits are covered by sandy deposits of Lower Buntsandstein. The main structural features of the Zechstein Basin were formed at the beginning of the Upper Rotliegendes when subsidence began in the area of Upper Permian Basin [38].



Several tectonic units occur in the basement of Zechstein Basin. There are on the northeastern part–Precambrian Craton, and on the southwestern part–Palaeozoic-Caledonian and Variscan platforms. Salts used in this research originate from the specific zone, near the Teisseyre-Tornquist fractures (Kłodawa salt diapirs), where the thickness of the Zechstein formation reaches about 1500 m. Thus, this is Europe’s most complete Zechstein sequence.




2.2. Samples


The chemicals sodium chloride (NaCl) and potassium chloride (KCl) (analytical grade) were purchased from WarChem (Poland). Samples of minerals: halites (blue, purple and colorless) and sylvite came from the Kłodawa diapir (Poland). Photographs of the examples of examined minerals are presented in Figure 3. The blue- and purple-colored halite crystals occur in various forms of clusters of various sizes. Blue salts form zones or individual clusters ranging in size from several centimeters to several meters. They show a blue color with a varying degree of saturation from intense blue through light blue to white. Sometimes blue salts with varying degrees of saturation create irregular clusters that sharply stand out from the surrounding white salts. Light purple halite crystals are less common. This coloration is usually of a homogeneous character within a single crystal, in contrast to blue halites. The blue and purple salts are accompanied by colorless or white coarse crystalline salts, mainly composed of sylvite, accompanied by a small amount of halite [39].



The list of the study carried out on mineral samples in this work is presented in Table 1. Details of the research carried out are described in the individual subsections below.




2.3. Chemical Analysis of Halides


Four samples of halides were subjected to chemical analysis: halite (colorless, blue and purple) and sylvite. The samples were analyzed for Na+, K+, Li+, Ca2+, Mg2+, Ba2+, Sr2+, Fe2+, Mn2+, Zn2+, Al3+, SO42−, CO32- concentration using an Optima 7300 DV inductively coupled plasma optical emission spectrometer (ICP-OES) from PerkinElmer [40,41] in the Hydrogeochemical Laboratory of the Department of Hydrogeology and Engineering Geology at AGH University of Science and Technology. ICP-MS (iCAP RQ(C2), Thermo Scientific) was used for determination of Be2+, Ag+, Cu2+, Ni2+, Co2+, Pb2+, Hg2+, Cd2+, Se2+, Sb3+, Cr3+, Mo6+, V5+, Zr4+, Ti4+, As3+, Tl4+ and W6+ concentration [42,43,44,45]. The titration method was used for the determination of chlorides, according to the standards given in [46,47].




2.4. XRD Measurements


The preliminary characterization of natural samples was performed by X-ray powder diffraction. Natural samples differing in color were used for XRD analyses. The studied samples were separated under a binocular magnifier (Olympus SZX-9) in order to avoid mechanical impurities. The XRD patterns of phases were obtained with a Rigaku Smart Lab 9.0 kW diffractometer with Cu-Kα radiation. The XRD patterns were recorded in the range of 2–100°2θ with the step size 0.02°2θ, counting time at 1 s/step at a voltage of 45 kV and a current of 200 mA. The XRD patterns were evaluated by XRAYAN software (v. 4.2.2, KOMA Henryk Marciniak, Warszawa, Poland) [48] using a diffraction pattern database (Powder Diffraction File PDF-2) of the International Center for Diffraction Data (2018). Unit cell refinements were carried out using the EXPO2014 program (Institute of Crystallography-CNR, Bari, Italy) [49].




2.5. IR Spectra Measurements


The infrared absorption spectra measurements were taken at room temperature on a Bruker VERTEX 70v FT-IR spectrometer (Bruker, Ettlingen, Germany). Spectra were recorded in the spectral ranges of 600–30 cm−1, and 32 scans were averaged at a resolution of 2 cm−1. The sample of tested material was suspended in Apiezon grease and placed on a polyethylene window. The spectra were performed in triplicate and the same measurement result was obtained each time.




2.6. Calculations


Quantum-chemical calculations were carried out for the geometry optimization of model structures of the crystal lattice and simulation of infrared spectra of NaCl and KCl. Calculations were performed with the Gaussian’16 program packages [50]. The calculations were made at a temperature of 0 K (this is the default temperature for calculations using the Gaussian program (Gaussian Inc., Wallingford, CT, USA). The shape of the potential functions of the ionic crystals at the minima were studied at the DFT level with the B3LYP functional [51,52] and 6-31g*basis set. We employed the default convergence criteria of the Gaussian code. The crystallographic data were used to build the input geometries for models in the calculations. The calculations were made for the model containing 125 atoms. It is the smallest structure in which each of the 27 atoms of the conventional unit cell of NaCl (KCl) has a 6-fold coordination. The geometries of the model structures were fully optimized without any restriction and with the restriction for all angles 90°. Vibrational bands, IR frequency and intensity calculations were carried out within harmonic approximation as implemented in Gaussian’16 software [53]. No imaginary frequencies were obtained for any of the optimized model structures. The calculated harmonic frequencies were not scaled. Computed IR spectra were simulated by representing each band as a Lorentzian-shaped curve with half-bandwidths of 4 cm−1 to account for temperature broadening.





3. Results


3.1. Chemical Analysis of Halides


A chemical analysis of the solutions of studied minerals (for the content of Na+, K+, Li+, Ca2+, Mg2+, Ba2+, Sr2+, Fe2+, Mn2+, Zn2+, Al3+, Be2+, Ag+, Cu2+, Ni2+, Co2+, Pb2+, Hg2+, Cd2+, Se2+, Sb3+, Cr3+, Mo6+, V5+, Zr4+, Ti4+, As3+, Tl4+, W6+, SO42−, CO32− and Cl−) was performed based on ICP-OES, ICP-MS and titration methods. Components whose content exceeded the quantification limit were shown in Table 2. The results of the chemical analysis indicate that the sylvite sample consists of pure KCl, while colorless, blue and purple halite samples consist of pure NaCl (Table 2). Probably, the sources of slight amounts of other elements are inclusions [13].




3.2. Crystallography Measurements of Selected Halite and Sylvite Samples from Kłodawa Salt Diapirs


Two natural halites from Kłodawa were identified by XRD: halites NaCl (colorless, blue and purple) and sylvite KCl (colorless). These minerals were identified by comparing peak positions of the experimental powder XRD patterns with the Inorganic Crystal Structure Database (ICSD), using the following PDF-2 cards: 05-0628 for halite and 41-1476 for sylvite. Figure S1 (Supplementary Materials) shows the diffraction patterns (over the angular range from 5 to 75°2ϴ) for investigated samples, which are pure halite and pure sylvite. The analysis did not yield any impurities within the detection limit of the method. Unit-cell parameters (in Å) refined with the Fm-3m space group symmetry are presented below: for a blue halite sample a = 5.6397(1) Å, for a purple halite sample a = 5.6375(1) Å, for a colorless halite sample a = 5.6375(1) Å, for a sylvite sample a = 6.2905(1) Å (Table 3).




3.3. Experimental Spectra of Selected Halite and Sylvite Samples


The experimental far infrared spectra of halites (colorless, blue and purple) and colorless sylvite from the Kłodawa salt diapir (Poland), whose purity has been confirmed by chemical analysis and X-ray examinations (XRD), were presented in the range of 600–30 cm−1 in Figure 4. Additionally, the spectra of pure chemical reagents NaCl and KCl (WarChem, Poland) were shown in this spectral range (Figure 4).



Experimental vibrational spectra (IR, Raman) of NaCl, KCl and other halides have been known in the literature for several decades [54,55,56,57] and the results obtained by us are consistent with the literature data. As can be seen in Figure 4, the difference in frequency between major bands for NaCl and KCl is significant and amounts to ca. 30 cm−1. It is consistent with experimental data, which indicate that the greater the mass of the metal, the metal–halogen vibrations shift to lower frequencies [58]. Experimental spectra of NaCl show the maximum of absorption at ~175 cm−1 and the signals at about 235 and 260 cm−1. In the experimental spectra of KCl, the strongest band at ~150 cm−1 and the minor intensity bands at 215 and 241 cm−1 are observed. The center of the most intense band in the spectra of halites from Kłodawa and analytical pure NaCl is observed in the range from 179 to 173 cm−1. The position of the strongest band center in the spectra equal 178, 176 and 174 cm−1 for blue, purple and colorless halite. The location of this band in the spectrum of analytical pure NaCl is 175 cm−1. On the other hand, the most significant band in the spectrum of sylvite from Kłodawa and analytical pure KCl is able to be seen at 150 and 147 cm−1, respectively.



In summary, far infrared spectroscopy can certainly be helpful in studying and/or distinguishing naturally occurring halides (in particular KCl from NaCl). It should be emphasized that, to the best of our knowledge, this paper presents the far infrared spectra of blue and purple halite for the first time. The experiment indicates that the colored halites, blue (178 cm−1) and purple (176 cm−1), have the strongest infrared band slightly shifted towards higher wavenumbers compared to colorless halites (174 cm−1). Taking into account the resolution of the infrared spectra measurements (2 cm−1), it can be concluded that this method was able to distinguish blue from colorless halites. In order to confirm and generalize these observations, blue halite samples of other origins should be tested.




3.4. Calculated Infrared Spectra for Models of NaCl and KCl Crystals


The DFT calculations were previously used for NaCl studies, e.g., surface and lattice energy, geometry parameters or charge distribution in crystal [59,60]. However, to our knowledge, this is the first time that DFT calculations of the infrared spectra for the crystal structure model of KCl and NaCl are presented. The first step of quantum-chemical investigations was the lattice structure of crystal NaCl and KCl optimization. Calculations for structures containing 125 atoms were performed using B3LYP functional and 6-31g* basis set. The unit cell of a crystal is defined by the lengths of its three axes (a, b, c (x, y, z)) and the angles (α, β, and γ) between the axes. In the cubic unit cell, as is the case with both NaCl and KCl crystalline solids, a = b = c and α = β = γ = 90°. In the structure of minerals NaCl and KCl, the space group symmetry is Fm-3m (Oh point groups in the Schoenflies system). The initial model of the NaCl (KCl) unit cell taken for the calculations was a fragment of the crystal structure determined by our X-ray studies (the angles α = β = γ = 90°, and lattice parameter a = b = c = 5.64 Å for NaCl, and 6.29 for KCl). As a result of the optimization of the geometry of the models without any restrictions, the final structures still had Oh symmetry. However, the values of the angles between atoms varied within a large range (ca. 9° for KCl and 16° for NaCl, Table 4). Therefore, additional calculations were made for the same models, and the restriction was applied to all angles (90°) in the structure. In this calculation condition, the final structures also have Oh symmetry. The structures obtained without any restrictions were lower in energy compared to their counterparts in which the “freezing” of angles was used. For example, for the KCl model, the difference is 12.3 kcal/mol. The selected optimized structures are presented in Figure 5 and calculated geometrical parameters for NaCl and KCl unit cells are presented in Table 4.



The calculated (Table 4) metal–chlorine bond distance for the NaCl and KCl models are comparable with the experimental values. It indicates that the theory reflects the real electronic structure of the tested salts. Determined by us, the experimental bond distance equals 3.1453 Å for colorless sylvite and 2.8209, 2.8188 and 2.8199 Å for colorless, purple and blue halite, respectively (Table 3). For example, other literature data indicate that the bond length of K-Cl is 3.14 and Na-Cl is 2.81 Å [61].



Then, infrared spectra were simulated for previously optimized structures. According to the group theory, following a primitive cell (2 atoms), which we get after transformation from a conventional cell, we should expect 6 modes for NaCl (KCl). Three of these modes are acoustic vibration and three are lattice vibrations T1u. In fact, although the crystal has a regular structure and is theoretically at the gamma point (the center of the Brillouin zone), one triply degenerate vibration should be observed—this vibration is split. The LO-TO splitting in infrared appears for ionic chemical compounds and is associated with the appearance of an additional force acting on atoms vibrating longitudinally. The two transverse vibrations have a different energy (they are doubly degenerate) than the longitudinal one (not degenerate).



Calculations with the Gaussian program give more bands in the infrared spectrum than the results from theoretical considerations for an ideal NaCl (KCl) unit cell. According to calculations, 369 (3*125-6) internal vibrations with symmetry of A1g, A2g, Eg, T1g, T2g, A1u, A2u, Eu, T1u and T2u were predicted for the 125-atom model in the Oh point group. In infrared, only vibrations with symmetry T1u are active. Our calculations predict infrared spectra with 29 (triple degenerated) active T1u vibrations with different intensities (see Table S1). The frequencies of these vibrations appear at various wavenumbers and have different intensities for each of the 125-atom models because the structures differ in geometric parameters. Calculated infrared spectra for crystal structure models in the range of 400–0 cm−1 are presented in Figure 6. All calculations confirmed known experimental results and show that sodium and potassium chloride do not absorb infrared radiation in the broad spectral range. NaCl and KCl crystals are typical middle IR frequency materials for various applications. They are used for windows, lenses and prisms where transmission in the 0.25–16 µm and 0.3–20 µm range is desired. According to calculations (see Figure 6), IR absorption of NaCl and KCl appears only in the range from 243 to 34 cm−1 and from 190 to 24 cm−1, respectively.



The shift of the bands of the calculated spectrum towards higher frequencies in relation to the experimental spectrum can be explained by the limitations of the method, and the appropriate scaling factor proposed in the literature can be used [62]. When comparing the intensities of the bands on the calculated spectra, a discrepancy can be seen. As seen in Figure 6, only calculations for structures where all angles are 90 degrees reflect the experimental spectrum very well. The spectra obtained for 125 atomic models, without restrictions with the value of angles, despite the preserved Oh symmetry, differ significantly from the experimental spectra. Our calculations for models smaller than 125 atoms also did not provide good agreement between the calculated spectrum and the experimental one.



In summary, the DFT calculations show a clear difference in the IR spectra obtained for the crystal lattice models of pure NaCl and KCl salts. Calculations for 125-atom models with the restriction of geometry (all angles 90°) provide infrared spectra, which are in good agreement with the IR experimental spectra. DFT calculations are extremely versatile and can certainly be helpful in studying naturally occurring mineral crystals, most of which are not perfect crystals. Computations enable the simulation of any deformation of the crystal lattice caused by internal crystal disturbances, both with and without a change in the elemental composition. Calculations are possible for various temperature and pressure conditions. DFT calculations can also be made for different kinds of isotopes. Simulations taking into account the type of isotope of a given element in the crystalline lattice may be interesting because the presence of blue and purple forms of halite in Kłodawa is accompanied by the presence of a sylvite veins [63] with a high content of K-40 [13,64].





4. Conclusions


In this work, chloride minerals of natural origin, i.e., colorless, blue and purple halite as well as colorless sylvite, were studied. Samples of salts used in this research originate from the Kłodawa region, where the thickness of Zechstein formation can reach about 1500 m. Halite (NaCl) and sylvite (KCl) are the basic salt rocks and the identification and distinction between these minerals is important for the salt cavern leaching process.



Chemical analysis of the studied samples of chloride minerals (for the content of Na+, K+, Li+, Ca2+, Mg2+, Ba2+, Sr2+, Fe2+, Mn2+, Zn2+, Al3+, Be2+, Ag+, Cu2+, Ni2+, Co2+, Pb2+, Hg2+, Cd2+, Se2+, Sb3+, Cr3+, Mo6+, V5+, Zr4+, Ti4+, As3+, Tl4+, W6+, SO42-, CO32− and Cl−) was performed based on ICP-OES, ICP-MS and titration methods. The investigated mineral samples were pure and contained slight impurities of Mg, Zn, Cu, Br and Na, K (Table 2). Crystallographic tests were carried out for the investigated samples of minerals, including both qualitative analysis and determination of the parameters of unit cells (Table 3).



Spectroscopic measurements confirmed previously known studies that the far infrared spectroscopy can be helpful in studying and/or distinguishing naturally occurring halides (in particular KCl and NaCl). In this paper, the far infrared spectra of blue and purple halite are presented for the first time. Analysis of the infrared spectra for halites (blue, purple and colorless) showed that that their spectra are almost identical. However, the strongest infrared band ca. 175 cm−1 slightly changes its position (blue—178 cm−1, purple—176 cm−1, colorless—174 cm−1).



In this work for the first time, DFT calculations (the B3LYP functional and the 6-31G* basis set) of the infrared spectra for the crystal structure model of KCl and NaCl were presented (Figure 6). The calculated far infrared spectra of the NaCl and KCl ionic crystals models were compared with the spectra measured experimentally for pure chemical reagents (NaCl and KCl) and for naturally occurring minerals (colorless sylvite as well as colorless, blue, and purple halites) from Kłodawa. The calculated infrared spectra indicate that pure crystals of these salts absorb infrared radiation in the range of 243 to 34 cm−1 (NaCl) and of 190 to 24 cm−1 (KCl), which leaves most of the spectral region transparent (Figure 6). This result is fully consistent with the experimental data. Calculations for the 125 atomic models with the assumption that all angles are 90 degrees lead to theoretical spectra that well reflect the experimental spectra also in terms of band intensity.



The proposed theoretical studies (structure calculations/spectral properties) are very multilateral and may be useful in predicting the spectra of other minerals (including chloride ones). Thanks to the increased computational power of computers in recent times, it is possible to calculate more complex electronic structures that were previously unattainable. It can be a helpful tool in solving many scientific and industrial problems. Our plans for further research concern the theoretical study of the solubility of salt minerals in various solvents, which could result in proposing a new composition of the salt leaching liquid.



Research on the properties of rock salt, e.g., in the context of the construction of salt caverns for the storage of various chemicals, is still relevant. Infrared spectroscopy enables a quick and qualitative identification/discrimination of the basic components of the salt rock. The identification of these ingredients can be used in a wide range of applications not only in the context of the solubility of individual minerals, but also the mechanical properties of rock salt which are also very important. The mechanical properties of the rock salt depend not only on its individual mineral composition but also depend on the crystal structure of each mineral, content and distribution of impurities or fluid inclusion [65,66,67,68].
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Figure 1. Location of underground hydrocarbon storages and Kłodawa salt mine at the map of salt diapirs in Poland [1,3]. 
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Figure 2. Influence of the arrangement of layers in the deposit on the development and shape of the leach chamber. 1—K-Mg salt layer, 2—projected shape of chamber, 3—obtained shape of chamber, 4—intersection lines of salt layers in the plane of the chamber [5]. Modified with permission from the publisher. 
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Figure 3. Examples of samples of investigated minerals: (A) aggregates of the blue halite between sylvite vein, (B) aggregates of the blue, purple and colorless halite; Kłodawa diapir, Poland. 
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Figure 4. The experimental far infrared spectra in the range of 600–30 cm−1 of NaCl and KCl: ――NaCl-CR—NaCl analytical pure chemical reagent, ――NaCl-BH—blue halite, ――NaCl-CH—colorless halite, ――NaCl-PH—purple halite, ――KCl-CR—KCl analytical pure chemical reagent, ――KCl-CS—colorless sylvite. 
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Figure 5. Geometry of optimized lattice structures of crystals NaCl (A) and KCl (B) (DFT/B3LYP/6-31g*, all angles equal 90°, 125-atom model). 
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Figure 6. Computed infrared spectra for 125-atom NaCl and KCl models of crystal in the spectral range of 400–0 cm−1: A—NaCl/nF/B3LYP/6-31g*, B—NaCl/F/B3LYP/6-31g*, C—KCl/nF/B3LYP/6-31g*, D—KCl/F/B3LYP/6-31g*. (Half-bandwidths 4 cm−1, no scaling factor, nF—calculation of geometry without any restriction, F—calculation of geometry with “frozen” all angles). 
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Table 1. List of experimental and theoretical studies carried out in this work.
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Structural and Spectroscopic Characteristic of Halites and Sylvite




	
Experiments

	
Theoretical Calculations






	

	
Selection of samples of minerals






	

	
Selection of method/a model of crystals









	

	
Chemical analysis (ICP-OES, ICP-MS, titration)






	

	
Geometry optimization









	

	
XRD measurements






	

	
IR frequency calculation









	

	
FIR measurements






	











[image: Table] 





Table 2. Chemical analysis of the studied halides.
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Name of Sample

	
Component

[% wt.]




	
Na+

	
K+

	
Mg2+

	
Zn2+

	
Cu2+

	
Cl−

	
Br−






	
SYLVITE

	
0.356

	
51.196

	
<0.011

	
0.003

	
0.002

	
48.242

	
0.201




	
WHITE HALITE

	
38.567

	
0.169

	
0.010

	
0.004

	
0.004

	
61.247

	
<0.011




	
PURPLE HALITE

	
38.265

	
0.662

	
<0.011

	
0.003

	
0.002

	
61.068

	
<0.011




	
BLUE HALITE

	
39.006

	
0.391

	
<0.011

	
0.004

	
0.002

	
60.575

	
0.022
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Table 3. Lattice parameters of minerals identified by the XRD method.
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Name of Sample

	
Crystal Systems

	
Symmetry Space Group

	
Unit Cell Parameters

	
Volume




	
a = b = c [Å]

	
α = β = γ [°]

	
V [Å3]






	
COLORLESS SYLVITE

	
isometric

	
Fm-3m

	
6.2905(1)

	
90.000

	
248.920(5)




	
COLORLESS HALITE

	
isometric

	
Fm-3m

	
5.6418(1)

	
90.000

	
179.579(7)




	
PURPLE HALITE

	
isometric

	
Fm-3m

	
5.6375(1)

	
90.000

	
179.171(5)




	
BLUE HALITE

	
isometric

	
Fm-3m

	
5.6397(1)

	
90.000

	
179.379(6)
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Table 4. Comparison of calculated geometric parameters for NaCl and KCl models of crystal structures (125 atoms) for calculation at the DFT/B3LYP level of theory with 6-31g* basis set.
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Halide

	
Restriction

for

Geometry

Optimiztion

	
Bond Distance [Å]

(Na-Cl, K-Cl)

	
Angle [°]

(Na-Cl-Na, Cl-Na-Cl, K-Cl-K,

Cl-K-Cl)




	

	

	
Mean Value

	
Maximum,

Minimum

	
Standard Deviation

	
Mean Value

	
Maximum,

Minimum

	
Standard Deviation






	
NaCl

	
None

	
2.786

	
2.875, 2.653

	
0.053

	
89.96

	
99.90, 83.71

	
2.72




	
All angles 90°

	
2.784

	
2.790, 2.778

	
0.006

	
90.00

	
90.00, 90.00

	
0.00




	
KCl

	
None

	
3.167

	
3.229, 3.052

	
0.042

	
90.00

	
95.75, 86.62

	
1.50




	
All angles 90°

	
3.164

	
3.176, 3.152

	
0.012

	
90.00

	
90.00, 90.00

	
0.00

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Geological profile of well
in the axis of chamber

)

Pure white
rock salt

Rose
rock salt

Rock salt with
K-Mg inclusions

Clayey rose-gray
rock salt

Rock salt with
anhydrite layers

Anhydrithic white
rock salt

~






nav.xhtml


  minerals-12-01561


  
    		
      minerals-12-01561
    


  




  





media/file2.png
N

of Zechstein salts through Mesozoic cover

salt diapirs pierced
through Mesozoic cover

underground storages
of hydrocarbons

o

\
) \ MOGILNO
."',
>_\_\\ 0 “ ’0
i (]
<Zt ; \ o
i (m]
= \‘7 ’ POZNAN
o »
L _il FO/‘P&S
(o)
4
i
j (m]
T /_.f;’_i“‘~, WROCLAW JI‘
-" "t 'L-\..\
.’::.r'u'\.\
CZECH . _
N, N
REPUBLIC ~ 5 ™o
LT \f‘
AN,
0 50 100 km i \\'v"\.‘l.
e
\
S~
(; recent extent ‘saltdiapirs non-pierced I

\

BIALYSTOK
(| \'\_I 98]
doom
.? I—
(>

\
i A
-~ C
!/'/ m

WARSZAWA (’

O “

N

\

(Y ~ f
! \
\ Pl .

VN
v
LUBLIN i

X
7
X4
. 7
KRAKOW !./ Q/
(m ] 7 é
/ A\
4
A
/&
SRS
|
N e \
~ p———, £ N, 1
: v N N i
Yooz \. :
{/‘\.\! "'\_\. \, ]
AN
~N






media/file5.jpg
A sywite [g
} Halites
A
g 6 _scag

[T

- -
L e e S






media/file3.jpg
Geological profile of well
in the axis of chamber

Pure white
rock salt

Rose
rock salt

Rock salt with
K-Mg inclusions

Clayey rose-gray
rock salt

Rock salt with
anhydite layers

Anhydrithic white
rock salt

~






media/file1.jpg
RUSSIA | 1,

REPUBLIC
P
G v esorss o

otz porca g undorgoun siages
(NN e esorotcoror ® Glhyccsoons






media/file7.jpg
Absorbance

60

NaCl- CR
NaCl-BH

NaCl—

NaCl - PH

Cl-CR
KCl-Cs

235

241

215

175|

500

400 300

Wavenumber, cm-t

200

100






media/file10.png





media/file12.png
Absorbance

A J\M/\& NaCl/nF
B J/\/\A/\Ak NaCl/F
c J\_//W KCI/nF
. JM KCI/F
400 350 300 250 200 150 100

VWavenumber, cm—






media/file9.jpg





media/file0.png





media/file8.png
Absorbance

e
-
2 &Q |

NaCl — CR S A\
NaCl - BH A N
NaCl — CH S
NaCl — PH <

KCl-CR o>

KCl-CS

600 500 400 300 200 100

VWavenumber, cm1





media/file11.jpg
Absorbance

Tt NaCl/nF

B S pan, NaCl/F
c /i N % KCl/nF

o g e KaF

400 350 300 250 200 150 100 50 0

Wavenumber, cm-*





media/file6.png
Sylvite B

Halites






