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Abstract

:

The composition of volatile components of cordierite from the Muzkol metamorphic complex was studied using shock destruction with pyrolysis-free gas chromatography-mass spectrometry (GC-MS) with simultaneous IR and Raman spectroscopy. Applying the GC-MS procedure, the component relative concentrations (rel.%) and composition of different zones of cordierite crystals were determined. It was found that the substantially magnesian cordierite was formed with a predominantly aqueous-carbonic acid fluid (from 57.06 to 67.88 rel.% H2O, from 24.29 to 32.95 rel.% CO2). From the center towards the crystal periphery, the molar fraction of carbon dioxide (CO2/(H2O + CO2)) decreases from 0.36 to 0.26, whereas the alkane/alkene ratio increases from 0.80 to 0.88. At least 11 homologous series of organic compounds among the identified volatile components, in addition to water and carbon dioxide, were determined, including oxygen-free aliphatic and cyclic hydrocarbons (paraffins, olefins, cyclic alkanes and alkenes, arenes, polycyclic aromatic hydrocarbons (PAHs)), as well as oxygen-containing (alcohols, esters, aldehydes, ketones, carboxylic acids) and heterocyclic (furans, dioxanes) organic compounds.
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1. Introduction


One of the major problems of modern metamorphic petrology is mineral-forming fluid composition estimation. Minerals in structural cavities and channels, in which fluid components are confined, are also prospective samplers of a mineral-forming fluid, like fluid inclusions. These minerals include microporous tectoaluminosilicate cordierite, which is widespread in nature and is stable in a wide range of temperatures and pressures [1,2,3,4,5,6,7,8,9,10,11,12]. Cordierite may be found in metamorphic rocks of epidote-amphibolite, amphibolite, and granulite facies, and in hornfels [13]. It may also be found in vulcanites and granite xenoliths, and in granite [14], pyrometamorphic rocks [15,16], granite pegmatites [17,18,19,20,21,22,23,24], lunar rocks [25,26,27], and meteorites [28,29,30,31].



The frame of the cordierite structure is based on Si-Al tetrahedra, which in the (x;y) plane are combined into hexagonal rings and, in the z direction, form vertical channels (r = 1.4 Å) with large isometric cavities (r = 2.2 Å) [32]. Volatile components (Ar, He, Ne, N2, H2, CO2, H2O, CO, O2, H2S, CH4, and molecules of other hydrocarbons) are localized in it in variable amounts [33,34,35,36,37,38,39,40,41,42,43,44,45,46,47]. The presence of hollow channels and molecules has been proved by research using IR spectroscopy, neutronography, NMR, and other methods [37,39,41,48,49,50,51,52,53,54,55,56].



The predominant fluid components in natural cordierites are H2O [45,53,57] and CO2 [43,58,59]. Water molecules are situated in channel cavities [37,39,45,51,53,55,56,58,60,61,62] and demonstrate two types of orientations of the proton-proton vector [37,45,53,56,63]. The first type (H2O–I) is represented by molecules with a parallel orientation of the H-H vector, and the second type (H2O–II) is represented by molecules oriented perpendicular to the c axis of crystals. Water molecules of the second type may be found in the cordierite structure only in the presence of Na+ [37,63,64,65]. In the ideal case, each ion in the channel is surrounded by two H2O molecules located in adjacent cavities [52,54,59,66]. High-temperature IR spectroscopy shows that at T ≈ 400°C H2O molecules of both types transit to the unbound state, acquire gas-like characteristics, and then leave the channels during dehydration [53,55].



Cordierites with increased CO2 content and a CO2 over H2O predominance were first found in granulites from the Aldan shield [67,68] and thereafter in many other regions [33,34,35,43,56,69,70,71,72,73,74,75,76,77,78,79,80,81]. According to modern concepts, CO2 molecules, similar to water molecules, enter the same cavities of structural channels [39,41,50,82,83]. Fewer experimental works have been presented on the behavior of CO2 in cordierites than on H2O behavior [38,42,84,85]. Interpretation of the previously recorded IR spectra [49] by Farmer [86] showed that 80% carbon dioxide molecules (type A) are oriented with the O–C–O vector parallel to the a axis and oscillate near the axis at a 25° oscillation angle. In this case, the c axis is rotational. The same IR spectra demonstrate the presence of CO2 molecules (type C) that are oriented along the c axis is only ≈ 20%.



Mass spectrometric and chromatographic analyses have shown that, in addition to H2O and CO2, natural cordierites contain molecules of other gases: H2, CO, N2, He, Ne, Ar, and H2S [43,64,87,88]. It is reported in the works of Zimmerman [33,34,35] that when natural cordierites were heated to 420 °C, mass spectrometric analysis indicated the presence of hydrocarbons in addition to H2O and CO2 for the first time. A similar procedure was used by Beltrame et al. [36] to detect methane. Hydrocarbons of the alkane type were identified in Alpine cordierites [40].



The possibility of incorporation of methane-butane series alkanes into the channels of Mg-cordierite without recrystallization was determined with experiments at 700 °C and pressures ranging from 200 to 1000 MPa [89]. The incorporation of methane and ammonium as well as the components of binary mixtures H2O–CH4 and H2O–NH3 into the structural channels of cordierite at P = 50, 150, 200 MPa and temperatures ranging from 400 to 800 °C was experimentally confirmed [9]. The data of quantitative mass spectrometric analysis show that the distribution of CH4, NH3, and H2O between the fluid phase and Mg-cordierite is virtually temperature-independent, but determined by the total pressure. Experiments have been performed to study the dependence of water quantity in synthetic (Mg, Fe2+)-cordierites on the composition of solid solutions and P-T-X conditions [90,91,92,93,94].



The wide presence of cordierite in nature, its ability to entrap and retain volatiles in cavities, channels, and inclusions, and detailed experimental studies allow it to be used as a sensor of thermodynamic conditions of petrogenesis and of fluid conditions of mineral-forming processes [81,95].



Recently, the composition of volatile components in cordierite from pegmatites of the Kukhilal deposit, Tajikistan, was studied using pyrolysis-free gas chromatography-mass spectrometry (GC-MS) [96]. For the first time, the authors found aliphatic hydrocarbons (paraffins and olefins), cyclic hydrocarbons (arenes, cycloalkanes, and cycloalkenes), and organic compounds, including oxygenated, nitrogenated, and sulfonated compounds, in the cordierites they studied, along with water and carbon dioxide, the content of which varies from the center to the periphery of the crystal (H2O from 89.2 to 65.7 rel.%, and CO2 from 5.5 to 23.5 rel.%). The total amount of hydrocarbons and organic compounds, containing oxygen, nitrogen, and sulfur, reaches 5.3 to 10.9 rel.% (from center to periphery).



The GC-MS method was used to determine the compositional features of fluid components preserved in the cavities, channels, and fluid inclusions of jewelry-quality cordierite from metamorphic rocks of the epidote-amphibolite facies of the Muzkol complex. Based on the distribution of fluid components, this method allows us to determine the composition of volatiles in the mineral-forming medium from different zones of the cordierite crystal, and also to estimate the trends of changes in P and T parameters at different stages of metamorphism.



In this work we studied, for the first time, the chemical composition of volatiles in cordierite from the rocks of epidote-amphibolite facies of the Muzkol metamorphic complex using pyrolysis-free GC-MS with shock destruction. Moreover, we carried out IR and Raman spectroscopy analyses.




2. Geology


The Muzkol metamorphic complex is situated in the eastern part of the Pamir Mountains in Tajikistan (Figure 1), and it is part of the Mediterranean intracontinental mobile belt, framing the Indostan Shield from the north. The complex is represented by a belt of metamorphic rocks about 130 km long and 10–30 km wide, stretching from west to east along the northern margin of the cimmerian-alpine orogenic system of Central Pamir, extending eastwards into China. The Muzkol complex is a structurally intricate antiform (Eastern Pamir anticlinorium) made of two domes resulting from fold undulation: Shatput dome in the east and Dzhalan dome in the west. The metamorphic complex has a kyanite-sillimatite zonality, formed in the Oligocene and Miocene [97]. The shape of the zonality is thermal anticline with a gradual transition from greenschist in the periphery of the dome to amphibolite facies metamorphism in its core (Figure 1). Toward the axial part of the thermal anticline, processes of alkaline (mainly sodium) metasomatosis become more intense; ultramorphism develops in the high-temperature part of the amphibolite facies, forming migmatites and gneisses. The conformal bodies of Early Paleozoic gneiss-granites are present in the cores of the domes, the location of which is most likely related to the remobilization of the foundation and to diapirism during the formation of metamorphic zonality [98]. All the formations are ruptured by the intrusions of granitoids, pegmatites, and aplite veins of the Miocene age. Jewelry-quality and collectable cordierite manifestations appear in the horizons of cordierite-biotite, cordierite-garnet-biotite, and crystalline schists and gneisses (Figure 1) [99,100].



In the works [101,102] published earlier, based on the fluid inclusions in disthene and mineralogical thermobarometry data, the temperature and pressure of Muzkol complex metamorphism were determined. According to the data, metamorphism was shown to be 650–700 °C and pressure 5.5–7.0 kbar.




3. Materials and Methods


A plate for petrographic observations of fluid inclusions and IR and Raman spectroscopic analyses was made from the sample of jewelry-quality cordierite. From the various cordierite crystal parts, the samples suitable for pyrolysis-free GC-MS analysis were selected. The selection for GC-MS analysis was made from cordierite flat-parallel plates under the optical microscope. Cordierite areas were selected without secondary minerals, without fractures, without signs of block structures and twinnings, with uniform fading in crossed nicols, etc., and were extracted. During the preparation for the analysis, these samples were not processed, and their contact with any organic substances was avoided.



The content of the main elements in cordierite was determined on the JEOL JXA-8100 electron probe microanalyzer (with 5 wave spectrometers) using the WDS procedure at the Center of Collective Use of Scientific Equipment for Multielement and Isotope Studies in the IGM SB RAS. The measurements were performed at an accelerating voltage of 20 kV, probe current of 50 to 250 nA (depending on the measured mineral and the task), signal set time of 60–120 s at the peak of the signal and 30–60 s for background measurement, and probe size of 2 μm. Microanalyzer stability and drift were monitored using internal standards similar in composition to the studied samples. These standards were determined every 30–40 measurements, and then, if required, corrections were introduced.



IR spectroscopy is an analytical method that reliably determines the forms of location, structural position, and orientation of the molecules of fluid components in an aluminosilicate frame [45,47,58,67,77]. The studies included IR scanning in unpolarized radiation oriented both parallel and perpendicular to the c axis of cordierite plates in the transmission mode. The IR transmission spectra of natural cordierite were measured without a cuvette by vacuuming the spectrometer chamber to 10−1 Torr in the range of 1000–4000 cm−1 with a resolution of 2 cm−1 on the Bruker VERTEX 70 IR Fourier spectrometer with a diffuse reflection attachment and HYPERION 2000 IR microscope.



The gas phase composition of the cordierite channels was analyzed using Raman spectroscopy [47,82,83,104,105], using the Horiba Lab Ram HR 800 spectrometer. The excitation was performed using a solid-state Nd YAG laser with a wavelength of 532 nm and power of 75 mW. The spectra were registered with the Endor semiconductor detector using Peltier assay cooling. To localize the aim in the analyzed sample, a confocal spectrometer system based on an OLYMPUS BX-41 microscope with a 100× objective and a large numerical aperture was used. The analysis was performed using backscattering geometry. The time of signal accumulation and the size of the confocal diaphragm varied depending on the analyzed size. The minimum size of the confocal aperture was 30 nm (for 5–10 μm object size), and the maximum size was 300 nm (for objects more than 100 μm). The spectra were obtained in the range of 100–4200 cm−1. The time of signal accumulation varied from 25 sec/spectral window for large objects to 400 sec/spectral window for small objects.



Gross composition of fluid gas components from the structural cavities and channels of cordierite, and also inclusions, was determined using non-pyrolysis GC-MS with shock destruction of the sample on the Thermo Scientific (Austin, TX, USA) DSQ II MS/Focus GC chromatography-mass spectrometer [96,106,107,108,109,110,111].



A new split sample of up to 0.06 cm3 volume was placed, using tweezers, into a special device (Figure S1, node 4, in Supplementary Materials) coupled online to the gas scheme of the chromatograph, and heated to T = 140–160 °C for 133 min in the current of a carrier gas-helium (99.9999% purity, initial pressure 45 kPa). Gas compound separation into components was carried out on a Restek (Bellefonte, PA, USA) Rt-Q-BOND capillary analytical column (immobile phase–100% divinylbenzene, length 30 m, inner diameter 0.32 mm, 10 μm film thickness). The gas mixture was introduced through a thermostatically controlled (270 °C) tap (Valco Valley Tool & Die, Inc., Royalton, OH, USA) into the analytical column. The constant flow rate of He was 1.7 mL·min–1, and the temperature of the GC-MS connecting line was 300 °C. The column was kept for 2 min at T = 70 °C, then heated at a rate of 25 °C·min–1 to 150 °C and further at a rate of 5 °C·min–1 to 290 °C, and kept at this temperature for 100 min.



Electron impact ionization mass spectra on the total ion current were obtained on a quadrupole mass-selective detector in Full Scan mode. Mass spectral conditions: the electron energy was 70 eV, emission current was 100 µA, iron source temperature was 200 °C, multiplier voltage was 1350 V, polarity of the recorded ions was positive, mass scan range was 5–500 amu, and scan rate was 1 scan per second. The start time of the analysis was synchronized with the sample destruction. All the gas tracts of the chromatograph, where gas moved, including the injector, the valve, and capillaries, had sulfinert coating.



The injection of the gas mixture released from the sample by means of one-act shock destruction in the He flow was conducted in real time without concentration, including cryofocus. It is worth noting that rather than subjecting the sample to pyrolysis, it was solely heated in order to convert water in the sample into a gas phase and to release atmospheric components absorbed by the sample surface and the instrument. Therefore, the unchanged gas mixture was analyzed instead of pyrolizate, which contains more oxidized compounds (H2O, CO, CO2, etc.) resulting from reactions between the gas mixture compounds, the gas mixture and accumulator surface, the gas phase compounds, and the samples. Before and after “working” analyses, blank analyses in real time were performed. The previous analysis made it possible to control the release of gases absorbed by the sample, including atmospheric components, and to record the system blank at the end of the process (the whole analytical procedure without destruction of the sample). The results of the subsequent analysis were used to determine the degree and completeness of the elution (sequence of components release) of heavy hydrocarbons and polycyclic aromatic hydrocarbons (PAHs) from the analytical column during thermostat temperature programming. If necessary, the analytical column was thermoconditioned to achieve the required blank.



The GC-MS analysis used to determine the composition of volatile components combines the advantages of two independent quantitative analytical methods for identifying individual compounds in a gas mixture. By separating the gas mixture into components, chromatography makes it possible to determine the specific retention times for each of them using the analytical column. The peak area in the chromatogram was proportional to the concentration of the relative substance in the gas mixture. Mass spectrometry provided a set of mass spectra for each compound and information on its ionic and diagnostic fragments. Each component was identified by integrating both methods. Interpretation of mass spectrometric chromatographic data with identification of peaks and isolation of some components from overlapping peaks was performed using both the Automated Mass Spectral Deconvolution and Identification System (AMDIS 2.73) software and manually with background correction against spectra from NIST 2020 and Wiley 12 libraries (NIST MS Search 2.4), standard search parameters.



The relative concentrations of volatiles in the separated mixture were determined using the normalization method: the sum of the areas of all chromatographic peaks of the analyzed mixture was equal to 100%, and its relative percentage in the analyzed mixture was determined from the size of the area of an individual component. The peak areas in the chromatogram were determined using the ICIS algorithm Xcalibur (1.4 SR1 Qual Browser). This procedure is applicable for the detection of contents of individual volatile components from a few to tens of femtograms (10−15 g).




4. Results


A jewelry-quality cordierite crystal (Figure 2) from the rocks of epidote-amphibolite facies of the Muzkol metamorphic complex was chosen as an object for the study.



Electron microprobe analysis shows minor statistically insignificant variations in the composition of cordierite (Table 1) picked from different parts of the sample. The average crystal chemical formula of cordierite is Na0.08 (Mg1.87 Fe0.25Mn0.002)2.1Al3.9Si4.99 × H2O. The magnesian number of cordierite (XMg = Mg/(Fe + Mn + Mg)) varies from 0.880 to 0.886. The formation temperature was determined from sodium content using the following formula: T (°C) = (Na [apfu] − 0.4052)/(−0.000487) [59]. The average temperature for 12 analyses was 672 °C. The evaluated metamorphism temperature based on sodium content in cordierite almost corresponds to the above-mentioned temperature [102].



A detailed examination of doubly polished thin sections of cordierite, performed with an optical microscope, showed the absence of fluid and melt inclusions in it. However, we believe that the presence of submicroscopic inclusions in these cordierites is possible. For example, inclusions in cordierite are reported in the works of Cesar et al. [112] and Santosh et al. [113].



Raman spectroscopy data indicate the presence of molecular water and carbon dioxide in the isolated cavities of cordierite (Figure 3). The obtained data on the presence of water and carbon dioxide in the matrix of cordierite agree with the works of other authors [47,114].



Raman spectroscopy analyses of cordierite (Figure 4) also demonstrate the presence of water and carbon dioxide in the isolated cavities of the cordierite studied. In [37,45,47,53,56,62,63,89], absorption bands with frequencies of 1600 (type II) and 3597 (type II), 3634 (type II), and 3690 (type I) cm−1 correspond to the valence vibrations of types I and II in isolated cavities of cordierite, and the absorption bands with frequencies of 2349 (type A) and 2355 (type C) cm−1 correspond to the vibration of carbon dioxide molecules.



Figure 5 and Figure 6, Table 2 and Table 3, and Tables S1–S6 in Supplementary Materials show the results of GC-MS analyses from different parts of the cordierite sample (see Figure 2).



Data of GC-MS analyses of volatile components from cordierite of epidote-amphibolite facies of the Muzkol metamorphic complex reveal that the predominant volatile components are water and carbon dioxide (Table 2 and Tables S1–S6). Aliphatic, cyclic, oxygen-containing, and heterocyclic hydrocarbons and their derivatives, as well as chlorinated, nitrogenated, and sulfonated compounds were also identified. The total number of components varies from 165 to 172. Here, 57.06 to 67.88 rel.% water, 24.29 to 32.95 rel.% carbon dioxide, 7.23 to 14.36 rel.% hydrocarbons, 0.44 to 0.76 rel.% nitrogenated compounds, 0.12 to 0.41 rel.% sulfonated compounds; 0.01 to 0.13 rel.% chlorinated compounds (Table 2 and Tables S1–S6).



Aliphatic, oxygen-containing, cyclic, and heterocyclic hydrocarbons are represented by 11 homologous series of organic compounds. In turn, aliphatic hydrocarbons are represented by paraffins (from 0.96 to 1.86 rel.% CH4-C17H36) and olefins (from 1.09 to 2.48 rel.% C2H2-C17H34) (Table 2 and Tables S1–S6).



Compounds from methane to heptadecane were determined in the homologous class of paraffins. Comparative analysis (Table 2) showed that the lowest relative content among the class of paraffins was found in methane in samples 1 and 3–6, and it was less than 0.01 rel.%. No methane was found in sample 2; the minimum fraction (0.01 rel.%) was detected for ethane. The largest fraction was accounted for by 5-methyltetradecane (C15H32) in samples 1, 2, 4, and 6 (0.42 rel.% in sample 1; 0.38 rel.% in sample 2; 0.45 rel.% in sample 4; 0.22 rel.% in sample 6). In sample 3, the largest content of n-pentadecane (C15H32) was 0.27 rel.%, and in sample 5, n-hexadecane had the largest fraction (C16H34), 0.23 rel.% (Table 2 and Tables S1–S6).



Olefins were found to contain compounds from ethylene (C2H4) to 1-heptadecene (C17H34) (Table 2 and Tables S1–S6). The smallest fraction in sample 1 accounted for by 1,3–pentadiene (C5H8) and (E,E)-2,4-hexadiene (C6H10) was less than 0.01 rel.%. The largest fraction among olefins in sample 1 was 0.34 rel.% and was detected in 1-decene (C10H20). In samples 2, 3, and 4, the largest content was found in 1-pentadecene (C15H30), 0.32, 0.30 and 0.33 rel.%, respectively. In sample 2, the lowest content of 1,4–pentadiene (C5H8) and (E,E)-2,4-hexadiene (C6H10) was less than 0.01 rel.%. In sample 3, the lowest fraction was detected for (E,E)-2,4-hexadiene (C6H10) (less than 0.01 rel.%). In samples 4 and 5, the minimum value was found for 1,4–pentadiene (C5H8), which was no more than 0.01 rel.%. In sample 5, the maximum content was 0.21 rel.% for (Z)-3-octene (C8H16). In sample 6, the minimum value was identified in 4-methyl-1,3-pentadiene (C6H10) and (E,E)-2,4-hexadiene (C6H10) and was less than 0.01 rel.%. The largest content in sample 6 is 0.18 rel.% for 1-decene (C10H20) (Table 2 and Tables S1–S6).



Light (C1-C4), medium (C5-C12), and heavy (C13-C17) paraffins were identified among saturated paraffins. The light ones are represented by methane (CH4), ethane (C2H6), propane (C3H8), isobutane (C4H10), and butane (C4H10). They account for 0.07 to 0.19 rel.%. Medium paraffins include pentane (C5H12), hexane (C6H14), heptane (C7H16), 3-methyleneheptane (C8H16), octane (C8H16), nonane (C9H20), decane (C10H22), undecane (C11H24), and dodecane (C12H26). The content of medium paraffins varies from 0.41 to 0.79 rel.%, and that of heavy hydrocarbons from 0.44 to 0.98 rel.%, and these include tridecane (C13H28), tetradecane (C14H30), 5-methyltetradecane (C15H32), pentadecane (C15H32), hexadecane (C16H34), 7-methylhexadecane (C17H36), and heptadecane (C17H36) (Tables S1–S6).



Cyclic hydrocarbons (Table 2 and Tables S1–S6), the content of which ranges from 0.34 to 1.86 rel.%, were found to contain naphthenes (from 0.03 to 0.17 rel.% C6H10-C8H14), arenes (from 0.29 to 1.73 rel.% C6H6-C18H28), and polycyclic aromatic hydrocarbons (PAH) (from <0.01 to 0.03 rel.% C10H8-C11H10).



In the homologous class of naphthenes, we identified such compounds as 4-methylcyclopentene (minimum fractions in sample 6 was less than 0.01 rel.%, maximum value in sample 3 was 0.05 rel.%), and 3-propylcyclopentene (minimum content in sample 5 was less than 0.01 rel.%, and the largest fraction in sample 2 was 0.11 rel.%) (Table 2 and Tables S1–S6).



The alkane/alkene ratio within the crystal varies from 0.74 to 0.89, with the lowest value in sample 4 and the highest value in samples 2 and 3.



Among the class of arenes, compounds from benzene to 1-propyl-1-nonenyl benzene were identified (Table 2 and Tables S1–S6). In sample 1, the maximum content was observed for toluene (C7H8)—0.08 rel.%, and the minimum for nonylbenzene (C15H24). In the second sample, p-xylene (C8H10) had the highest value, 0.22 rel.% (C8H10), and heptylbenzene (C13H20) the lowest value, 0.04 rel.%. In sample 3, ethylbenzene (C8H10) had the highest content, 0.97 rel.% (C8H10), and propylbenzene (C9H12) had the lowest content, 0.01 rel.%. In sample 4, the maximum content, 0.09 rel.%, was observed for toluene, and the minimum, 0.02 rel.%, for octyl benzene (C14H22). In sample 5, the highest content, 0.05 rel.%, was found for toluene (C7H8), and the lowest for ethylbenzene (C8H10), which was no more than 0.01 rel.%. In sample 6, p-xylene (C8H10) had the highest content-0.06 rel.%, and styrene (C8H8) had the lowest content, which was less than 0.01 rel.% (Table 2 and Tables S1–S6).



The homologous series of polycyclic aromatic hydrocarbons (PAH) consist of such compounds as naphthalene, 2-methylnaphthalene, and 3-methylnaphthalene. The content of hydrocarbons is less than 0.01 rel.%, ruling out naphthalene in sample 3 (0.02 rel.%).



The fraction of oxygen-containing hydrocarbons varies from 4.65 to 9.23 rel.% (Table 2 and Tables S1–S6). Alcohols, esters (CH4O-C14H18O4—from 0.53 to 1.88 rel.%), aldehydes (CH2O-C15H30O—from 1.40 to 4.61 rel.%), ketones (C3H6O-C15H30O—from 0.56 to 1.89 rel.%), and carboxylic acids (C2H4O2-C13H26O2—from 0.60 to 1.89 rel.%) were identified.



The homologous series of alcohols and esters include compounds from methanol to dipropyl phthalate. The methyl ester of 3,4-dichlorobutanoic acid (C5H8Cl2O2) had the lowest content (less than 0.01 rel.%) in samples 1, 3, 5, and 6. The lowest fraction in sample 2 was detected for dipropyl phthalate (C14H18O4)—0.02 rel.%. In sample 4, phenol (C6H6O) had the lowest content—0.01 rel.%. The highest content in samples 1, 3, and 6 was observed for dipropyl phthalate (C14H18O4)—0.17, 0.26, and 0.09 rel.%, respectively. In sample 2, the maximum concentration was found for γ-octalactone (C8H14O2)—0.28 rel%. Methanol (CH4O) had the highest content in sample 5—0.78 rel.%. In sample 4, the maximum fraction was found for 2-ethylhexanol (C8H18O)—0.44 rel.% (Table 2 and Tables S1–S6).



The homologous series of aldehydes consists of compounds from formaldehyde to n-pentadecane. The highest content in samples 1, 2, 3, 5, and 6 was observed for 5-hydroxymethylfurfural (C6H6O3)—0.38, 0.38, 1.00, 2.26 and 0.19 rel.%, respectively. The highest content in sample 4 was found for n-hexanal (C6H12O)—1.20 rel.%. The lowest value in samples 1 and 2 was revealed for 2-oxopropanal (C3H4O2)—0.01 rel.%. In samples 3 and 4, the minimum contents were detected for 3-methylbutanal (C5H10O), in sample 5, for furfural (C5H4O2), and in sample 6, for n-tridecanal (C13H26O). The content is these elements does not exceed 0.01 rel.% (Table 2 and Tables S1–S6).



Among ketone class compounds, 2-propanone to 2-pentadecanone were detected. The lowest content in all samples was found for cyclopentanone (C5H8O) and also for 2-methyl-4-heptanone in sample 3, and it was less than 0.01 rel.%. The smallest fraction in samples 1, 2, 3, and 4 was observed for 2-nonanone (C9H18O)-0.11, 011, 0.12, and 0.89 rel.%, respectively. In sample 5, the maximum value was revealed for 2-tetradecanone (C14H28O)—0.27 rel.%, and in sample 6, for 3-methyl-2,5-furandion (C5H4O3—0.06 rel.% (Table 2 and Tables S1–S6).



In the class of carboxylic acids compounds from acetic to tridecanoic acids (Table 2 and Tables S1–S6) were identified. The highest contents in samples 1, 2, 4, 5, and 6 were found for acetic acid (C2H4O2)—0.18, 0.18, 0.26, 0.22, and 0.60 rel.%, respectively. In sample 3, the maximum fraction was shown by hexanoic acid (C6H12O2)-0.34 rel.%. The smallest fraction in samples 1, 2, 3, 4, and 6 was observed for 2,4,6-trimethyl-almond acid (C11H14O3), less than 0.01 rel.%, and in sample 5, less than 0.01 rel.% was revealed for butanoic acid (C4H8O2).



The content of heterocyclic compounds varies from 0.12 to 0.45 rel.% (Table 2 and Tables S1–S6). Dioxanes (C4H8O2—from 0.01 to 0.11 rel.%) and furans (C5H6O-C15H26O—from 0.11 to 0.34 rel.%) were identified. The homologous series of dioxanes is represented by 1,4-dioxanes (maximum and minimum value in the samples does not exceed 0.01 rel.%) and 1,3-dioxane (minimum content in sample 5 is less than 0.01 rel.%, the largest fraction in sample 2 is 0.11 rel.%). The homologous class of furans includes compounds from 2-methylfuran to 2-undecylfuran. The highest content in samples 1, 3, 4, 5, and 6 was found for 2-methoxyfuran (C5H6O2)—0.7, 0.12, 0.07, 0.06, and 0.06 rel.%, respectively. In sample 2, the maximum value was revealed for 2-pentylfuran (C9H14O)—0.11 rel.%. The lowest content was less than 0.01 rel.% and was observed for 2-methyfuran (C5H6O), 3-methylfuran (C5H6O), 2-ethylfuran (C6H8O), 2-butylfuran (C8H12O), 2-heptylfuran (C11H18O), 2-octylfuran (C12H20O), 2-nonylfuran (C13H22O), and 2-undecylfuran (C15H26O).



Sulfonated compounds are represented by hydrogen sulfide (less than 0.01 rel.% H2S), carbonyl sulfide (less than 0.01 rel.% COS), sulfur dioxide (from 0.10 to 0.27 rel.% O2S), methanethiol (0.02 rel.% CH4S), carbon disulfide (less than 0.01 rel.% CS2), dimethyl disulfide (less than 0.01 rel.% C2H6S2), 2-propylthiophene (less than 0.01 rel.% C7H10S), 2-pentylthiophen (from less than 0.01 to 0.09 rel.% C9H14S), and 2-hexylthiophen (less than 0.01 rel.% C10H16S). The highest content in all samples was found for sulfur dioxide—from 0.10 to 0.27 rel.%. The fraction of other compounds was no more than 0.01 rel.%, an exception was the fraction of 2-pentylthiophen, which reached 0.09 rel.% in sample 5, and the content of methanethiol in sample 5 reached 0.02 rel.% (Table 2 and Tables S1–S6).



Nitrogenated compounds consist of molecular nitrogen (from 0.18 to 0.25 rel.% N2), 1-isocyanobutane (from less than 0.01 to 0.03 rel.% C5H9N), formamide (less than 0.01 rel.% CH3NO), acetamide (from 0.02 to 0.07 rel.% C2H5NO), pyridine (from less than 0.01 to 0.04 rel.% C5H5N), 1,2-dimethyl-piperidine (less than 0.01 rel.% C7H15N), 2-methoxy-6-methypirazine (from 0.11 to 0.25 rel.% C6H8N2O), propylneopentylamine (0.03 rel.% C8H19N), succinimide (from 0.05 to 0.14 rel.% C4H5NO2), 1-methyl-2-pyrrolidinon (less than 0.01 rel.% C5H9NO), and 3,5,5-trimethyl-N-3-methylbutylhexanamide (0.05 rel%. C14H29NO) (Table 2 and Tables S1–S6).



The halogen-containing fluid component contained in all parts of cordierite crystal is represented by methyl ester of 3,4-dichlorobutanoic acid (C5H8Cl2O2). Its content varies from less than 0.01 to 0.13 rel.%, with the highest content in sample 2.




5. Discussion


A great number of works have been published by Russian and foreign authors in which they report their studies using Raman and IR spectroscopy, ion microprobe analysis (SIMS), mass spectrometry, and chromatography on cordierite, with the position of water molecules and carbon dioxide in the cordierite structure being well studied [37,45,47,53,56,62,63,80,81,91,115,116,117].



While there is plenty of work on water and carbon dioxide, studies on other fluid components, including hydrocarbons, are less detailed. The number of works on the study of cordierites without pyrolysis are rather limited [96]. In the works using pyrolysis, mainly light hydrocarbons (methane, ethane, propane, and butane) are discussed [33,34,35,36].



For the first time, GC-MS, along with Raman and IR spectroscopy, was used to study the volatile components in cordierites, which allowed us to considerably increase the number and diversity of volatile components (to 172) in cordierite. The data on the composition of volatiles from different parts of cordierite crystal, obtained using GC-MS, are very important (Figure 5 and Figure 6).



As mentioned by Zatolokina et al. [96], a free CO2 molecule has a C–O bond length of 1.16 Å, and in cordierite structure it is reduced to 1.05 Å (Johannes and Schreyer, 1981). The molecule of N2 also undergoes compression in the cordierite structure, from N–N = 1.0976 Å in the free state to N–N = 0.905 Å in cordierite.



The molecules of normal paraffin hydrocarbons have a zigzag shape. The carbon atoms that make up the molecule lie on the same plane. The chain of CH2 groups of saturated hydrocarbons has great mobility owing to the possibility of rotation near ordinary tetrahedrally arranged bonds [118]. The C–C distance is 1.52 Å, and the angle between the C–C–C atoms is 109°28′. The hydrogen atoms (CH2 group) are arranged in pairs on the planes perpendicular to the direction of the chain elongation, with a C–H distance of 1.17 Å and an H–C–H angle of 105°. Two neighboring CH2 groups are localized on the planes arranged at a distance of 1.265 Å. The section of the chain along the plane perpendicular to the direction of elongation provides a closed oval shape with an average radius of 2.6 Å [119]. Thus, the size and geometry of chains of normal hydrocarbons allow them to penetrate the channels of the cordierite framework.



The benzene molecule is a regular hexagon. The distance between the carbon atoms in the molecule (1.39 Å) corresponds to the arithmetic mean of ordinary and double bonds. The angle of the C–C–H bonds is about 120°. The size of the benzene ring with respect to the maximum distance between the carbon atoms is ~3.8 Å.



The formation of carbonyl groups (>C=O) in the benzene ring increases this effective size by 2.42 Å (double the length of the C=O bond in the case of two substituents). When one considers that oxygen from this group was borrowed from the framework, this estimate will decrease by at least two oxygen radii (~1.1 Å). Therefore, the molecules derived from benzene can fit well the cavities between the six-membered rings, being, most likely, localized along the c axis and, hence, along the larger diameter of this cavity. Probably, other radicals (–CH2, –CH3, and –OH) can also be present in one benzene ring in addition to carbonyl radicals. The molecules of these benzene derivates, taking into account the bond lengths, are smaller than those of the rings with a carbonyl group [89].



Thus, the ratio of the sizes of cavities and channels in the cordierite structure to the critical sizes of the simplest representatives of the detected homologous series of volatiles suggests that they are localized in these cavities. Taking into account the critical diameters of more complex homologs, an assumption can be made about the deformation of the CH2 groups of linear molecules of normal hydrocarbons and other chain molecules in the cavities of cordierite. The geometric discrepancy between the parameters of the structural cavities of cordierite and the size of large hydrocarbon molecules, as well as the proven defectiveness of the material under study, indicates that the localization of particularly large gas molecules and all nonlinear molecules should be attributed to nonstructural positions.



In cordierite, as well as in many other minerals, the presence of submicroscopic inclusions is possible. The complication is the possibility of detecting them. For example, in natural diamonds, alongside fluid macro-inclusions detected by optical microscopy, we established nanoscale fluid inclusions of a similar composition [109]. However, the detection of nanoscale fluid inclusions in diamonds was possible only using the transmission electron microscopy (TEM) because the nitrogen in the inclusions was in solid form. The application of TEM on cordierite in order to detect inclusions from nanoscale to submicron scale is of no use due to the non-solid aggregate state of the inclusion contents.



The GC-MS method for studying inclusions of mineral-forming media was used only at the end of the last century [120]. Gas chromatography (GC) and mass spectrometry (MS), by supplementing each other, make it possible to avoid the main problems each of them has: low sensitivity of GC and complex overlapping of signal lines of MS [121]. At present, the non-pyrolysis GC-MS with a shock destruction of the sample in terms of sensitivity (instrumental measurement limits), dynamic ranges, rate, and diversity of determined volatiles has no alternative. GC-MS was used to study the gas phase composition of mineral-forming media in diamonds [109,122,123], minerals of mantle rocks [106,110,124], metamorphic rocks [125,126], hydrothermal minerals from ore deposits [111,127,128], and minerals of sedimentary rocks associated with oil and gas deposits [129,130].



The GC-MS data (Figure 7, Table 2 and Tables S1–S6) show that the predominant volatile components in the cordierite studied are water and carbon dioxide. Variations in the composition of fluid components at different points of sampling of cordierite, observed in our analyses, characterize a change in the composition of volatiles of mineral-forming medium at different stages of crystal formation. The similarity in diversity of volatiles in general in all GC-MS analyses and redistribution of contents of fluid components in cordierite crystal between homologous series of organic substances, water, CO2, nitrogen, etc., allowed us to reveal the trends of variation in the fluid regime of cordierite-forming process. The molar fraction of carbon dioxide (CO2/(H2O + CO2)) decreases from the center to the periphery of the crystal, from 0.36 to 0.26, with an increase in the alkane/alkene ratio, from 0.80 to 0.88.



Based on what has been above, we can conclude that volatile components in cordierite from the Muzkol metamorphic complex change nonlinearly, depending on the central part to the periphery, but from the XCO2 parameter, we observe the following trend: in the center, the ratio reaches 0.36, and in the periphery, 0.26. The nonlinearity of the CO2 system during its introduction into Mg-cordierite was experimentally proved [85], which confirms the character of the behavior of volatiles in the studied crystal.



For the first time, it was found that volatiles in natural cordierite contain medium (pentane, hexane, heptane, 3-methylene heptane, octane, nonane, decane, undecane, and dodecane) and heavy saturated hydrocarbons (tridecane, tetradecane, 5-methyltetradecane, pentadecane, hexadecane, and heptadecane) along with light (methane, ethane, propane, isobutane and butane) saturated hydrocarbons, as well as cyclic (naphthenes, arenes, and PAHs), oxygenated (alcohols and esters, aldehydes, ketones, and carboxylic acids), and heterocyclic hydrocarbons (dioxanes and furans) (Figure 5, Figure 6 and Figure 7; Tables S1–S6). It is worth noting that the sample contains a chlorinated compound: methyl ester of 3,4-dichlorobutanoic acid (C5H8Cl2O2).



Comparison of the results of studies of peripheral and central zones allows us to estimate the evolution of fluid composition during the growth of cordierite crystals from epidote-amphibolite facies of the Muzkol metamorphic complex (Muz-1) and from pegmatite of the Kukhilal deposit (Kukh-1) [96]. A common feature of both cordierites is that they were formed with the participation of predominantly water-carbon dioxide fluid. The content of volatile components varies from the central to the peripheral part of the crystals in both cases. In cordierite from Kuh-1 pegmatite, the content of H2O decreases from the center to the periphery from 89.20 to 65.60 rel.%, and the fraction of CO2 increases from 5.50 to 23.50 rel.%; i.e., XCO2 (CO2/(H2O + CO2)) increases from the center to the periphery of the crystal (from 0.06 to 0.26). In Muz-1 cordierite, a reverse situation is observed: the content of water increases from 57.06 to 67.88 rel.% from center to periphery, and that of carbon dioxide decreases from 32.95 to 24.29 rel.%; i.e., XCO2 decreases from center to periphery (from 0.36 to 0.26).



The content of aliphatic hydrocarbons in Kukh-1 cordierite increases significantly in the peripheral part of the crystal compared to its central zone (Table 3). In turn, the amount of aliphatic hydrocarbons in Muz-1 cordierite decreases in the peripheral zone compared to the central zone. The fraction of cyclic hydrocarbons Kukh-1 (naphthenes, arenes, PAHs) increases towards the periphery. In Muz-1 cordierite, the fraction of cyclic hydrocarbons decreases from the central part towards the periphery. The content of the oxygen-containing hydrocarbons identified in the sample from Kukh-1 pegmatites, the same as in aliphatic hydrocarbons, increases considerably from the center to the periphery. In cordierite from epidote-amphibolite facies Muz-1, the fraction of oxygen-containing hydrocarbons decreases from the center to the periphery.



Molecular nitrogen (N2) in natural cordierites was first established by Armbruster using gas chromatography [41]. Lepezin and Osorgin revealed [131] that the content of molecular nitrogen can reach high values (0.067 wt.%). In our work, according to GC-MS analysis, in natural cordierites, along with molecular nitrogen, 10 more nitrogenated compounds were identified for the first time: 1-isocyanobutane (C5H9N), formamide (CH3NO), acetamide (C2H5NO), pyridine (C5H5N), 1,2-dimethyl-piperidine (C7H15N), 2-methoxy-6-methylpyrazine (C6H8N2O), propylneopentylamine (C8H19N), succinimide (C4H5NO2), 1-methyl-2-pyrrolidinone (C5H9NO), and 3,5,5-trimethyl-N-3-methylbutylhexanamide (C14H29NO) (Tables S1–S6). The concentration of nitrogenated compounds Muz-1 decreases from the center toward the periphery (from 0.56 to 0.44 rel.%).



The GC-MS analyses showed that nine sulfonated compounds were identified for the first time in natural cordierite: hydrogen sulfide (H2S), carbonyl sulfide (COS), sulfur dioxide (O2S), methanethiol (CH4S), carbon disulfide (CS2), dimethyl disulfide (C2H6S2), 2-propylthiophene (C7H10S), 2-pentylthiophene (C9H14S), and 2-hexylthiophene (C10H16S) (see Tables S1–S6). The content of sulfonated compounds Muz-1 decreases from the center to the periphery (from 0.29 to 0.16 rel.%).



For the first time, a chlorinated compound, methyl ester of 3,4-dichlorobutanoic acid (C5H8Cl2O2), was detected in natural cordierite.



Thus, the predominant volatile components in cordierites from the Muzkol metamorphic complex are water and carbon dioxide, accounting for up to 90 rel.% (Figure 8). The fraction of other volatile components (aliphatic, cyclic, oxygen-containing and heterocyclic hydrocarbons, chlorinated, nitrogenated, and sulfonated compounds) varies from 7.83 to 15.30 rel.%.




6. Conclusions


The detailed microthermometric study of cordierite from the Muzkol metamorphic complex, Tajikistan, did not reveal the presence of gas-liquid inclusions in it. At the same time, IR and Raman spectroscopy indicated that cordierite channels contain molecules of two types of water and carbon dioxide. The GC-MS data show that water and carbon dioxide are predominant volatile components.



On the basis of GC-MS as well as Raman and IR spectroscopic analyses data, it was shown that cordierite from the Muzkol complex was crystallized from mainly water-carbon dioxide fluid: from 57.06 to 67.88 rel.% H2O, from 24.29 to 32.95 rel.% CO2, from 0.26 to 0.36 rel.%, XCO2. The fraction of other volatile components (aliphatic, cyclic hydrocarbons and oxygenated, heterocyclic organic compounds, and nitrogenated and sulfonated compounds varies from 7.83 to 15.30 rel.%.



In cordierite, along with water and carbon dioxide, representatives of no less than 11 homologous series of organic compounds were identified for the first time. These include oxygen-free aliphatic and cyclic hydrocarbons (paraffins, olefins, cyclic alkanes and alkenes, arenes, and PAHs), oxygen-containing and heterocyclic hydrocarbons (alcohols and esters, aldehydes, ketones, carboxylic acids, furans, and dioxanes), as well as nitrogenated and sulfonated compounds.



Using GC-MS analysis, in natural cordierites, along with molecular nitrogen (N2), 10 more nitrogenated compounds were identified for the first time, namely 1-isocyanobutane (C5H9N), formamide (CH3NO), acetamide (C2H5NO), pyridine (C5H5N), 1,2-dimethyl-piperidine (C7H15N), 2-methoxy-6-methylpyrazine (C6H8N2O), propylneopentylamine (C8H19N), succinimide (C4H5NO2), 1-methyl-2-pyrrolidinone (C5H9NO), and 3,5,5-trimethyl-N-3-methylbutylhexanamide (C14H29NO).



Using GC-MS analyses, we also identified nine sulfonated compounds in natural cordierite for the first time: hydrogen sulfide (H2S), carbonyl sulfide (COS), sulfur dioxide (O2S), methanethiol (CH4S), carbon disulfide (CS2), dimethyl disulfide (C2H6S2), 2-propylthiophene (C7H10S), 2-pentylthiophene (C9H14S), and 2-hexylthiophene (C10H16S).



The center of the cordierite crystal of the Muzkol complex with high CO2 content formed during the metamorphosis peak, and its edges most probably formed during the retrograde state.



Thus, GC-MS as well Raman and IR spectroscopy studies of cordierites from the Muzkol metamorphic complex showed that volatile components localized in structural and nonstructural positions of cordierite can characterize the features of the chemical composition of fluid phase and the mineral acts as a sampler of fluid phase. The authors suggest that fluid submicroscopic inclusions also may be presented in cordierite, according to the data obtained in this study. Further research on the topic is required.
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Figure 1. Schematic map of the metamorphic zoning of the Muzkol metamorphic complex. 1—boundaries of metamorphic facies; 2—greenschist facies (zones 3 and 4); 3—epidote-amphibolite facies (zone 2); 4—amphibolite facies (zone 1); 5—Neogene granites and syenites; 6—Early Paleozoic gneiss-granites; 7—boundaries of tectonic nappes; 8—sampling site (Jalan-3) [103], with additions by the authors. 
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Figure 2. Photographs of the original cordierite crystal from the Muzkol metamorphic complex, Tajikistan (a), and its cut (b) with the indicated sampling sites (No. 1–6) for GC-MS analysis. 
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Figure 3. Raman spectra of (a) cordierite (host mineral), (b) single water molecules (Raman lines 3581 and 3600 cm−1), and (c) carbon dioxide (Raman line 1383 cm−1) isolated in crystal cavities, from the Muzkol metamorphic complex, Tajikistan. 
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Figure 4. IR spectrum of a cordierite crystal from the Muzkol metamorphic complex, Tajikistan. Absorption bands with frequencies of 1600 (type II) and 3597 (type II), 3634 (type II), and 3690 (type I) cm−1 correspond to stretching vibrations of water molecules of types I and II in cordierite cavities; absorption bands with frequencies of 2349 (A-type) and 2355 (C-type) cm−1 correspond to vibrations of carbon dioxide molecules. 
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Figure 5. Results of GC-MS analysis of volatile components extracted from the central cordierite zone of the Muzkol metamorphic complex, Tajikistan (sample 1). Chromatogram a is a total ion current (TIC) chromatogram and reconstructed ion chromatograms for ion current are presented in: b—m/z (43 + 57 + 71 + 85); c—m/z 60; d—m/z 149; e—blank (TIC). 1—Carbon dioxide (CO2); 2—water (H2O); 3—n-propane (C3H8); 4—acetaldehyde (C2H4O); 5—2-methyl-1-propene (C4H8); 6—isobutane (C4H10); 7—2-propanone (C3H6O); 8—n-pentane (C5H12); 9—2-methylfuran (C5H6O); 10—acetic acid (C2H4O2); 11—1-butanol (C4H10O); 12—1,4-dioxane (C2H8O2); 13—(E, E)-2,4-hexadiene (C6H10); 14—n-heptane (C7H16); 15—hexanal (C6H12O); 16—n-butanoic acid (C4H8O2); 17—octane (C8H18); 183-methylbutanoic acid (C4H8O2); 19–n-pentanoic acid (C5H10O2); 20—n-nonane (C9H20); 21—propylbenzene (C9H12); 22—n-hexanoic acid (C6H12O2); 23—1-decene (C10H20); 24—n-heptanoic acid (C7H14O2); 25—n-nonanal (C9H18O); 26—n-undecane (C11H24); 27—2-phenoxyethanol (C8H10O2); 28—n-octanoic acid (C8H16O2); 29—n-decanal (C10H20O); 30—1,3-isobenzofurandione (C8H4O3); 31—n-nonanoic acid (C9H18O2); 32—n-undecanal (C11H22O); 33—heptylbenzene (C13H20); 34—n-decanoic acid (C9H20O2); 35—5-methyltetradecane (C15H32); 36—1-pentadecene (C15H30); 37—pentadecane (C15H32); 38—2,4,6-trimethylmandelic acid (C11H14O3); 39—n-dodecanoic acid (C12H24O2); 40—n-tetradecanal (C14H28O); 41—n-hexadecane (C16H34); 42—2-pentadecanone (C15H30O); 43-dipropyl phthalate (C14H18O4). 






Figure 5. Results of GC-MS analysis of volatile components extracted from the central cordierite zone of the Muzkol metamorphic complex, Tajikistan (sample 1). Chromatogram a is a total ion current (TIC) chromatogram and reconstructed ion chromatograms for ion current are presented in: b—m/z (43 + 57 + 71 + 85); c—m/z 60; d—m/z 149; e—blank (TIC). 1—Carbon dioxide (CO2); 2—water (H2O); 3—n-propane (C3H8); 4—acetaldehyde (C2H4O); 5—2-methyl-1-propene (C4H8); 6—isobutane (C4H10); 7—2-propanone (C3H6O); 8—n-pentane (C5H12); 9—2-methylfuran (C5H6O); 10—acetic acid (C2H4O2); 11—1-butanol (C4H10O); 12—1,4-dioxane (C2H8O2); 13—(E, E)-2,4-hexadiene (C6H10); 14—n-heptane (C7H16); 15—hexanal (C6H12O); 16—n-butanoic acid (C4H8O2); 17—octane (C8H18); 183-methylbutanoic acid (C4H8O2); 19–n-pentanoic acid (C5H10O2); 20—n-nonane (C9H20); 21—propylbenzene (C9H12); 22—n-hexanoic acid (C6H12O2); 23—1-decene (C10H20); 24—n-heptanoic acid (C7H14O2); 25—n-nonanal (C9H18O); 26—n-undecane (C11H24); 27—2-phenoxyethanol (C8H10O2); 28—n-octanoic acid (C8H16O2); 29—n-decanal (C10H20O); 30—1,3-isobenzofurandione (C8H4O3); 31—n-nonanoic acid (C9H18O2); 32—n-undecanal (C11H22O); 33—heptylbenzene (C13H20); 34—n-decanoic acid (C9H20O2); 35—5-methyltetradecane (C15H32); 36—1-pentadecene (C15H30); 37—pentadecane (C15H32); 38—2,4,6-trimethylmandelic acid (C11H14O3); 39—n-dodecanoic acid (C12H24O2); 40—n-tetradecanal (C14H28O); 41—n-hexadecane (C16H34); 42—2-pentadecanone (C15H30O); 43-dipropyl phthalate (C14H18O4).
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Figure 6. Results of GC-MS analysis of volatile components extracted from the cordierite marginal zone of the Muzkol metamorphic complex, Tajikistan (sample 4). Chromatogram a is a total ion current (TIC) chromatogram and reconstructed ion chromatograms for ion current are presented in: b—m/z (43 + 57 + 71 + 85); c—m/z 60; d—m/z 149; e—blank (TIC). 1—Carbon dioxide (CO2); 2—water (H2O); 3—n-propane (C3H8); 4—2-methyl-1-propene (C4H8); 5—acetaldehyde (C2H4O); 6—2-propanone (C3H6O); 7—acetic acid (C2H4O2); 8—1-butanol (C4H10O); 9—1,4-dioxane (C2H8O2); 10—(E, E)-2,4-hexadiene (C6H10); 11—n-heptane (C7H16); 12—n-hexanal (C6H12O); 13—n-butanoic acid (C4H8O2); 14—n-octane (C8H18); 15—3-methylbutanoic acid (C4H8O2); 16—n-pentanoic acid (C5H10O2); 17—n-nonane (C9H20); 18—propylbenzene (C9H12); 19—n-hexanoic acid (C6H12O2); 20—1-decene (C10H20); 21 n-heptanoic acid (C7H14O2); 22—n-nonanal (C9H18O); 23—n-undecane (C11H24); 24—2-phenoxyethanol (C8H10O2); 25—n-octanoic acid (C8H16O2); 26—n-decanal (C10H20O); 27—1,3-isobenzofurandione (C8H4O3); 28—n-nonanoic acid (C9H18O2); 29—n-undecanal (C11H22O); 30—n-decanoic acid (C9H20O2); 31—5-methyltetradecane (C15H32); 32—n-undecanoic acid (C11H22O2); 33—1-pentadecene (C15H30); 34—n-pentadecane (C15H32); 35—2,4,6-trimethylmandelic acid (C11H14O3); 36—n-dodecanoic acid (C12H24O2); 37—n-tetradecanal (C14H28O); 38—n-hexadecane (C16H34); 39—2-pentadecanone (C15H30O); 40—dipropyl phthalate (C14H18O4). 
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Figure 7. Content of hydrocarbons, carbon dioxide, and water in cordierites from the Muzkol metamorphic complex of Tajikistan based on 6 samples: (a) relative content of aliphatic, cyclic, and oxygenated hydrocarbons; (b) relative content of “light” (C1–C4), “medium” (C5–C12) and “heavy” (C13–C17) hydrocarbons; (c) relative content of alcohols, ethers and esters, aldehydes, ketones, and carboxylic acids; (d) relative content of hydrocarbons, carbon dioxide, water, and (e) nitrogen- and sulfur-containing compounds; 1–6—sample numbers. 






Figure 7. Content of hydrocarbons, carbon dioxide, and water in cordierites from the Muzkol metamorphic complex of Tajikistan based on 6 samples: (a) relative content of aliphatic, cyclic, and oxygenated hydrocarbons; (b) relative content of “light” (C1–C4), “medium” (C5–C12) and “heavy” (C13–C17) hydrocarbons; (c) relative content of alcohols, ethers and esters, aldehydes, ketones, and carboxylic acids; (d) relative content of hydrocarbons, carbon dioxide, water, and (e) nitrogen- and sulfur-containing compounds; 1–6—sample numbers.



[image: Minerals 13 00323 g007]







[image: Minerals 13 00323 g008 550] 





Figure 8. Contents (rel.%) of volatile components (a) of the central part (sample 1), (b) intermediate part (sample 3), and (c) marginal part (sample 6) of a cordierite crystal from the Muzkol metamorphic complex, Tajikistan. HCs are hydrocarbons. 
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Table 1. Chemical analysis of cordierite from the Muzkol metamorphic complex, Tajikistan (wt.%).
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Component

	
Cordierite from the Muzkol Complex




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12






	
SiO2

	
49.44

	
49.53

	
49.40

	
49.34

	
49.37

	
49.56

	
49.46

	
49.49

	
49.54

	
49.44

	
49.55

	
49.44




	
TiO2

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.00

	
0.01

	
0.00

	
0.00




	
Al2O3

	
32.68

	
32.61

	
32.70

	
32.71

	
32.75

	
32.73

	
32.86

	
32.80

	
32.69

	
32.79

	
32.93

	
32.79




	
FeO

	
2.95

	
2.87

	
2.87

	
2.94

	
2.91

	
2.89

	
2.91

	
2.93

	
2.89

	
2.92

	
2.95

	
2.90




	
MnO

	
0.02

	
0.03

	
0.03

	
0.03

	
0.03

	
0.04

	
0.03

	
0.02

	
0.03

	
0.03

	
0.03

	
0.04




	
MgO

	
12.21

	
12.38

	
12.39

	
12.38

	
12.49

	
12.56

	
12.52

	
12.55

	
12.53

	
12.46

	
12.38

	
12.40




	
CaO

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.00

	
0.01

	
0.01

	
0.01

	
0.01

	
0.00

	
0.02




	
Na2O

	
0.40

	
0.35

	
0.43

	
0.39

	
0.43

	
0.40

	
0.44

	
0.42

	
0.39

	
0.38

	
0.38

	
0.38




	
K2O

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00




	
Ʃ

	
97.72

	
97.78

	
97.83

	
97.80

	
97.99

	
98.18

	
98.23

	
98.23

	
98.08

	
98.05

	
98.22

	
97.97




	
Formula for 18 O atoms




	
Si

	
5.00

	
5.01

	
4.99

	
4.99

	
4.99

	
5.00

	
4.99

	
4.99

	
5.00

	
4.99

	
4.99

	
4.99




	
Ti

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Al

	
3.90

	
3.89

	
3.89

	
3.90

	
3.90

	
3.890

	
3.90

	
3.90

	
3.89

	
3.90

	
3.91

	
3.90




	
Fe

	
0.25

	
0.24

	
0.24

	
0.25

	
0.25

	
0.240

	
0.25

	
0.25

	
0.24

	
0.25

	
0.250

	
0.25




	
Mn

	
0.002

	
0.003

	
0.002

	
0.002

	
0.002

	
0.003

	
0.002

	
0.002

	
0.003

	
0.003

	
0.002

	
0.003




	
Mg

	
1.84

	
1.87

	
1.870

	
1.87

	
1.88

	
1.890

	
1.88

	
1.89

	
1.88

	
1.88

	
1.86

	
1.87




	
Ca

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.001

	
0.001

	
0.001

	
0.001

	
0.00

	
0.002




	
Na

	
0.078

	
0.069

	
0.084

	
0.077

	
0.084

	
0.078

	
0.085

	
0.082

	
0.077

	
0.074

	
0.074

	
0.075




	
K

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Ʃ

	
11.070

	
11.082

	
11.076

	
11.089

	
11.106

	
11.097

	
11.108

	
11.114

	
11.09

	
11.101

	
11.089

	
11.094




	
XMg

	
0.880

	
0.885

	
0.885

	
0.881

	
0.882

	
0.886

	
0.882

	
0.882

	
0.886

	
0.881

	
0.881

	
0.881




	
Temperature

	
672

	
690

	
660

	
674

	
660

	
672

	
657

	
664

	
674

	
680

	
680

	
678
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Table 2. Composition of volatile components (based on 6 samples) released during mechanical destruction of cordierite from the Muzkol metamorphic complex, according to GC-MS analysis (rel.%).
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Name

	
MW

	
Sample Number (Numbering Corresponds to Figure 2)




	
1

	
2

	
3

	
4

	
5

	
6






	
Aliphatic hydrocarbons:

	

	
3.54

	
3.96

	
3.69

	
4.31

	
2.37

	
2.05




	
Paraffins (CH4-C17H36)

	
32–240

	
1.57

	
1.86

	
1.74

	
1.83

	
1.10

	
0.96




	
Olefins (C2H2-C17H34)

	
28–238

	
1.97

	
2.10

	
1.95

	
2.48

	
1.28

	
1.09




	
Cyclic hydrocarbons:

	

	
0.68

	
1.76

	
1.86

	
0.71

	
0.34

	
0.38




	
Naphthenes (C6H10-C8H14)

	
82–110

	
0.06

	
0.17

	
0.11

	
0.07

	
0.03

	
0.03




	
Arenes (C6H6-C18H28)

	
78–204

	
0.62

	
1.58

	
1.73

	
0.62

	
0.29

	
0.35




	
PAH (C10H8-C11H10)

	
128–142

	
<0.01

	
0.01

	
0.03

	
0.01

	
0.01

	
<0.01




	
Oxygenated organic compounds:

	

	
4.97

	
5.78

	
7.32

	
9.23

	
6.40

	
4.65




	
Alcohols, Esters and ethers (CH4O-C14H18O4)

	
32–250

	
0.84

	
1.72

	
1.04

	
1.88

	
1.18

	
0.53




	
Aldehydes (CH2O-C15H30O)

	
44–226

	
2.50

	
2.46

	
3.72

	
4.61

	
3.75

	
1.40




	
Ketones (C3H6O- C15H30O)

	
58–226

	
1.03

	
1.01

	
0.97

	
1.89

	
0.79

	
0.56




	
Carboxylic acids (C2H4O2-C13H26O2)

	
60–214

	
0.61

	
0.60

	
1.59

	
0.84

	
0.67

	
2.15




	
Heterocyclic organic compounds:

	

	
0.24

	
0.45

	
0.35

	
0.31

	
0.12

	
0.15




	
Dioxanes (C4H8O2)

	
88

	
0.05

	
0.11

	
0.04

	
0.07

	
0.01

	
0.03




	
Furans (C5H6O-C15H26O)

	
82–222

	
0.19

	
0.34

	
0.31

	
0.24

	
0.11

	
0.12




	
Nitrogenated compounds:

(N2-C14H29NO)

	
28–124

	
0.56

	
0.55

	
0.56

	
0.76

	
0.58

	
0.44




	
Sulfonated compounds:

(H2S-C10H16S)

	
34–168

	
0.29

	
0.29

	
0.12

	
0.18

	
0.41

	
0.16




	
Chlorinated compounds:

(C5H8Cl2O2)

	
170

	
<0.01

	
0.13

	
<0.01

	
0.02

	
<0.01

	
<0.01




	
CO2

	
44

	
32.05

	
30.12

	
29.04

	
25.80

	
26.31

	
24.29




	
H2O

	
18

	
57.68

	
57.09

	
57.06

	
58.91

	
63.49

	
67.88




	
Total number of components

	

	
165

	
169

	
166

	
170

	
172

	
165




	
CO2/(H2O + CO2)

	

	
0.36

	
0.35

	
0.34

	
0.30

	
0.29

	
0.26




	
Alkanes/Alkenes

	

	
0.80

	
0.89

	
0.89

	
0.74

	
0.86

	
0.88








Note: MW—nominal mass.
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Table 3. Composition of volatile components released during mechanical destruction of cordierite from the Muzkol metamorphic complex (Muz-1) and from pegmatite of the Kukhilal deposit (Kukh-1), Tajikistan [96], according to GC-MS analysis (rel.%).






Table 3. Composition of volatile components released during mechanical destruction of cordierite from the Muzkol metamorphic complex (Muz-1) and from pegmatite of the Kukhilal deposit (Kukh-1), Tajikistan [96], according to GC-MS analysis (rel.%).













	Name
	MW
	Muz-1c
	Muz-1k
	Kukh-1c
	Kukh-1k





	Aliphatic hydrocarbons:
	
	3.54
	2.05
	1.27
	3.44



	Paraffins (CH4-C17H36)
	32–240
	1.57
	0.96
	0.52
	1.34



	Olefins (C2H2-C17H34)
	28–238
	1.97
	1.09
	0.75
	2.10



	Cyclic hydrocarbons:
	
	0.68
	0.38
	0.17
	0.29



	Naphthenes (C6H10-C8H14)
	82–110
	0.06
	0.03
	0.02
	0.04



	Arenes (C6H6-C18H28)
	78–204
	0.62
	0.35
	0.14
	0.24



	PAH (C10H8-C11H10)
	128–142
	<0.01
	<0.01
	0.01
	0.01



	Oxygenated organic compounds:
	
	4.97
	4.65
	3.70
	6.68



	Alcohols, Esters and ethers (CH4O-C14H18O4)
	32–250
	0.84
	0.53
	0.60
	1.04



	Aldehydes (CH2O-C15H30O)
	44–226
	2.50
	1.40
	2.22
	3.75



	Ketones (C3H6O-C15H30O)
	58–226
	1.03
	0.56
	0.32
	0.89



	Carboxylic acids (C2H4O2-C13H26O2)
	60–214
	0.61
	2.15
	0.56
	1.00



	Heterocyclic organic compounds:
	
	0.24
	0.15
	0.03
	0.05



	Dioxanes (C4H8O2)
	88
	0.05
	0.03
	0.01
	0.01



	Furans (ethers) (C5H6O-C15H26O)
	82–222
	0.19
	0.12
	0.02
	0.04



	Nitrogenated compounds:

(N2-C14H29NO)
	28–124
	0.56
	0.44
	0.11
	0.40



	Sulfonated compounds:

(H2S-C10H16S)
	34–168
	0.29
	0.16
	0.02
	0.04



	Chlorinated compounds:

(C5H8Cl2O2, C16H33Cl)
	170–240
	<0.01
	<0.01
	0.03
	0.06



	CO2
	44
	32.05
	24.29
	5.5
	23.50



	H2O
	18
	57.68
	67.88
	89.2
	65.60



	Total number of components
	
	165
	165
	166
	170



	CO2/(H2O + CO2)
	
	0.36
	0.26
	0.06
	0.26



	Alkanes/Alkenes
	
	0.80
	0.88
	0.69
	0.64







Note: Muz-1c is the center of cordierite crystal (sample 1); Muz-1k is the edge of a cordierite crystal (sample 6); Kukh-1c is the center of cordierite crystal; Kukh-1k is the edge of a cordierite crystal; MW is the nominal mass.
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