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Abstract

:

The study of organic-rich carbonate-containing shales after heating is an important task for the effective application of in-situ thermal kerogen conversion technologies implemented for these types of rocks. This research was conducted to study changes in the rocks of the Domanik Formation after high-temperature treatment, taking into account the nature of structural changes at the micro level and chemical transformations in minerals. The sample of organic-rich carbonate-containing shales of the Domanik Formation was treated in stages in a pyrolizer in an inert atmosphere in the temperature range of 350–800 °C for 30 min at each temperature. By means of X-ray powder diffractometry (XRPD), HAWK pyrolysis, light and scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and computed micro-tomography, the characteristics of the rock before and after each heating stage were studied. The results showed significant alteration of the mineral matrix in the temperature range 600–800 °C, including the decomposition of minerals with the formation of new components, and structural alterations such as fracturing micropore formation. The organic matter (OM) was compacted at T = 350–400 °C and fractured. The evolution of void space includes fracture formation at the edges between rock components, both in organic matter and in minerals, as well as nanopore formation inside the carbonate mineral matrix. The results obtained show what processes at the microlevel can occur in carbonate-containing organic-rich shales under high-temperature treatment, and how these processes affect changes in the microstructure and pore space in the sample. These results are essential for modeling and the effective application of thermal EOR in organic-rich shales.
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1. Introduction


Currently, the reserves of traditional hydrocarbons are declining in the world and in Russia in particular [1], while the demand remains high; according to IEA [2,3] and OPEC [4] forecasts, demand will continue to grow. Thus, unconventional hydrocarbon reserves of shale formations are attracting more and more attention from geoscientists [5,6]. The production of oil from shales is highly promising in Russia, given that the Russian Federation is one of the leading countries in terms of unconventional shale oil reserves [7].



Among shale rocks of various types [8], carbonate-containing shales are of particular interest. Carbonate-containing shales are formed in an anoxic depositional early diagenetic environment, which can result in the deposition of organic-rich, fine-grained carbonate sediments. Organic-rich carbonate rocks are widely distributed and are excellent potential source rocks [9]. The Domanik Formation belongs to this type of rock, which is characterized by both a high total organic carbon (TOC) content, reaching up to 30%, and a very low porosity [10]. Difficulties in extracting oil from such reservoirs are associated both with extraction of hydrocarbons from kerogen and with extremely low porosity and permeability of reservoir.



One of the distinctive features of shale rocks is the high content of kerogen [11]. Since kerogen is a solid-phase hydrocarbon that is almost completely insoluble in most organic solvents, thermal methods may be used to transform kerogen into hydrocarbons. In situ EOR based on thermal impact began to be developed back in the 1940s [12] and currently includes many different techniques [13,14] such as in situ combustion [15], in situ pyrolysis [15,16], and a variety of their modifications.



Effective application of temperature-enhanced oil recovery (EOR) requires a deep understanding of the influence of high temperatures on reservoir properties during treatment. There are a number of studies devoted to the alteration of organic matter (OM) and shale fabric after high-temperature treatment of oil shales. Kobchenko et al. [17] using synchrotron microtomography and 4D imaging demonstrated that, when heated to 350 °C, fractures began to form in the Green River oil shale sample, whereas, according to thermogravimetry and gas chromatography, the cracking of kerogen began at the same temperature. Saif T. et al. [18] conducted vacuum pyrolysis of organic-rich shales at temperatures up to 500 °C using synchrotron X-ray tomography with a built furnace, and they also found that pore development is directly related to the initial spatial distribution of organic matter. Bai et al. [19] using multiple approaches demonstrated that temperature affects the chemical composition and pore evolution of the organic-rich shales. Geng et al. [20] showed that, with the coupled effect of elevated temperature and pressure on the oil shale, the formation of pores and fractures occurs in the sample. Kim et al. [21] conducted pyrolysis of Green River Formation rock samples under geologically realistic triaxial stress; via micro-CT and scanning electron microscopy (SEM), the fracture development and matrix porosity were determined. Mukhametdinova et al. [22] heated a sample of oil shale from the Bazhenov Formation in a combustion tube simulating high-pressure air injection EOR technology. Further laboratory studies showed an increase in porosity and permeability, the appearance of fractures in the samples, and the conversion of kerogen into synthetic oil.



The influence of thermal treatment on the Domanik Formation was studied by Gafurova et al. [23,24], Kovaleva et al. [25], and Nasyrova et al. [26]. The authors found that a change in the pore space and an increase in porosity occurs when the samples are heated, as a result of the transformation of organic matter and fracturing of the rock. However, the authors did not consider the fundamental processes underlying the changes in the porous medium of the Domanik samples, such as the decomposition of carbonates.



The decomposition of carbonates under high temperatures is a fairly well-studied process, to which a huge number of studies were devoted, including decomposition temperatures and study of structural changes occurring in calcite and dolomite [27]. However, carbonate decomposition has not sufficiently been sanctified in shales. Jukkola et al. found that the decomposition of calcite in a shale sample occurs at lower temperatures than usually occurs in pure carbonate [28].



This article is devoted to the study of changes in the porous medium of the Domanik Formation after high-temperature treatment by anhydrous pyrolysis considering carbonate mineral matrix decomposition and OM microstructural transformations. For this purpose, Domanik samples were heated at different temperatures. The mineral composition, carbonate matrix, and organic matter of these samples were investigated before and after pyrolysis, using X-ray diffraction (XRD), energy-dispersive X-ray analysis (EDX), SEM, Rock-Eval, and microtomography methods.




2. Materials and Methods


2.1. Materials


The Domanik Formation (DF) deposits extend in a wide strip along the Ural Fold System in the European part of the Russian Federation (Figure 1); relative to tectonics, the DF is located within the Eastern European (Russian) Platform. The Domanik Formation, as a stratigraphic subdivision, corresponds to the Middle Fransian of the Upper Devonian, and it occupies most of the area of the eastern parts of the Timan-Pechora and the Volga-Ural oil and gas basins (Figure 1) [29,30]. The formation depth is approximately 2000 m. The Middle Fransian Domanik Formation is mainly represented by carbonate marine sediments, both deep-water and shallow-water types [30]. The terms “Domanik type rocks” and “Domanik facies” refer to deposits sedimented in a deep marine anoxic environment during periods of active sea basin transgression [31]; lithologically, such rocks are represented by bituminous and siliceous clay carbonate shales with a significant content of organic matter. Domanik facies are found within the Eastern European and Timan-Pechora basins not only in the Middle Fransian, but also covering the Fransian, the Famennian of the Upper Devonian, and the Tournaisian stage of the Mississippian. The DF shales mainly consist of the following four components: carbonate (chemogenic and organogenic); sapropel planktogenic OM; autigenic and biogenic silica; and a small amount of clay particles [32]. According to the amount of organic matter, researchers divide the Domanik type rocks into two main types, domanicites and domanicoids [33]. The domanicites are characterized by a high content of TOC—5.0%–22% (25%); in the domanicoids, the TOC content is lower—0.5%–5%, and organic matter is characterized by the humus-sapropel (I–II) type of kerogen [33,34,35,36,37]. According to pyrolytic studies, the DF refers to mature oil-producing rocks [38]. The DF shales are characterized by extremely low permeability and porosity (0.66 to 1.87), fractures and cavities in carbonate mineral matrix, inter- and intraparticle pores predominantly in the carbonate mineral matrix, and pores in the organo-mineral part of the rock [10,39,40]. The Domanik Formation is often considered as an analogue of the Eagle Ford Formation [32,41].



The studied rock sample came from a well located in the Verhne-Kamsk Depression in the Volga-Ural oil and gas basin (Figure 1a).



The sample is represented by an organic-rich mudstone consisting of an organo-mineral matrix with inclusions of carbonate shell debris (Figure 2). The debris is poorly sorted and poorly rounded. The size of large shell fragments is 50–300 µm in length and 10–20 µm in thickness; small fragments are 20 µm or lower in length. Most of the rock is composed of a dark-brown to black organo-mineral matrix with a prevailing content of organic matter. The matrix mineral part consists of small fragments of calcite, feldspar grains, illite plates, and siliceous matter, distributed in a kerogen (Figure 2). Moreover, products of secondary processes which include pyritization and dolomitization can be found. The thermal maturation according to Rock-Eval pyrolysis data (Tmax = 429 °C, HI = 566) is considered immature (incipient oil generation zone [42,43]). The mineral composition according to X-ray powder diffractometry of the sample is shown in Table 1.



There was a parallel laminated, and sometimes, lenticular, microstructure highlighted by the shell debris orientation; the structure was bioclastic detrital. According to the optical microscopy and SEM, porosity was almost absent. Only single micropores could be found in the OM and minerals.




2.2. Methods


2.2.1. Experiment Design


A Domanik carbonate-containing organic-rich shale rock sample was prepared in the form of a 3 × 5 mm cylinder and powders (60 mesh size). Powders were heated separately at temperatures of 400/600/800 °C, while the cylinder was isothermally treated sequentially at 350–400–450–600–800 °C in a pyrolyzer chamber (in the sample crucible of the HAWK Resource Workstation (Wildcat Technologies, Humble, TX, USA)) in inert He atmosphere for 30 min at each temperature. The initial heating rate was 35–40 °C/min. The temperature of the sample was determined by the instrument’s integrated thermocouple. The temperature range of 350–600 °C is devoted primarily to analyzing organic matter alteration. A temperature of 350 °C was chosen to initiate free and weakly adsorbed hydrocarbons release; in the temperature range of 400–600 °C, kerogen decomposition and HC release from kerogen should occur [44]. The temperature range of 600–800 °C was selected for mineral composition and mineral matrix alteration analysis. To characterize composition alterations, samples were studied with XRPD and EDX analysis; to analyze microstructure alterations of organic matter and mineral matrix, SEM was used; Rock-Eval methodology was applied for OM maturity extent estimation. Micro-CT allowed to estimate bulk porosity alteration in the whole rock volume. Methods were applied before heating and after the selected heating steps. A schematic of the experiment is presented in Figure 3.



A brief description of the applied methods is given below.




2.2.2. X-ray Diffractometry


The X-ray diffraction powder analysis technique was used to study the mineral crystalline phase composition of the sample. The Huber G670 diffractometer applied for this method has transmission geometry (linear PSD detector, Co tube (Ka1 = 1.78892 Å, 1200 W) and automatic monochromatic system). The sample was preliminarily powdered using a vibratory mill Retsch MM400 at a frequency of 25 Hz for 8 min. The prepared powders were analyzed before heating and after the selected heating stages; approximately 50 mg of powder from the sample was needed.




2.2.3. Thin Section Analysis


For petrological characterization, optical polarizing microscopy on thin sections was performed using an AxioScope 5 microscope (Carl Zeiss, Jena, Germany). For precise shale fabric investigation, a thin section was made with a thickness of 10–20 µm.




2.2.4. Broad Ion Beam Scanning Electron Microscopy


For the study of mineral matrix and organic matter microfabric, broad ion beam scanning electron microscopy (BIB-SEM) was used. A small core plug of the sample (3–5 mm diameter) was prepared. The flat surface of the cylinder sample was first mechanically polished using 18 and 10 µm diamond grinding papers, and 1, 3, and 6 µm suspensions were subjected to ionic polishing by BIB. According to [45], ion milling does not affect the microstructure of the organic matter. In order to avoid charging the sample in the microscope, the studied surface of the sample was coated with a thin (10 nm) gold layer. Quattro S (Thermo Fisher Scientific, Waltham, MA, USA) SEM with an electron beam current range from 1 pA to 200 nA with an accelerating voltage of 10 to 30 kV was used. The void space was evaluated on large mosaic images (approximately 1000 × 1000 μm) with pore segmentation using ImageJ software (1.53q, Rasband, National Institutes of Health, Bethesda, MD, USA) [46]).




2.2.5. Energy-Dispersive X-ray Spectroscopy


To study the elemental composition of various phase components of the sample before and after heating, energy-dispersive X-ray spectroscopy (EDX) (Quantax, Bruker, Billerica, MA, USA) embedded in SEM was used.




2.2.6. Programmed Pyrolysis


In order to characterize the Domanik organic-rich rock sample generation potential, pyrolysis was conducted in the HAWK Resource Workstation (Wildcat Technologies, Humble, TX, USA) using the Rock-Eval bulk rock procedure. The main pyrolysis parameters were obtained as follows: S0 and S1 (free hydrocarbons contained in the sample), S2 (generated hydrocarbons), S3 (CO2 yield during thermal breakdown of kerogen); temperature Tmax (°C); total organic carbon (TOC, wt.%), generative organic carbon (GOC, wt.%), and nongenerative organic carbon (NGOC, wt.%).




2.2.7. Computed Micro Tomography


For investigation of the pore space alteration in the whole volume of the rock sample, the method of X-ray computed microtomography was used. The sample was prepared in the form of a 3 × 3 mm cylinder. The GE phoenix v|tome| × L240/180 system includes a combination of high-power 240 kV microfocus and 180 kV high-resolution nanofocus X-ray tubes. The 3 × 3 mm rock sample was analyzed with the nanofocus tube with an accelerating voltage of 100 kV and a current of 260 µA (second mode). The geometrical resolution was 1.2 μm/voxel for all scans. A set of 2400 2D radiographic projections were reconstructed using GE datos|x reconstruction 2.6.1-RTM software, and further 3D models were processed with Per-Geos 1.5 software (ver. 1.5, Thermo Fisher Scientific, Waltham, MA, USA).






3. Results


3.1. Mineral Matrix Alteration


According to XRPD data, the first mineral composition changes were observed at T = 600 °C (Figure 4). Pyrite decomposed partially with the formation of iron sulfide FeS, while carbonates also started to decompose at T 600 °C with the formation of lime CaO and oldhamite CaS (Figure 5). The most intense change in composition occurred at the temperature of 800 °C, where pyrite and carbonates decomposed completely with the formation of minerals such as FeS and Fe, lime CaO, periclase MgO, and portlandite Ca(OH)2. Figure 4B shows the evolution of mineral composition during the experiment.



XRPD data were detailed by EDX analysis. Figure 5 shows the SEM secondary electron image combined with EDX elemental maps for sample Ch-46t. In the central part of the SEM image, there is a decomposed former pyrite framboid, and transformed carbonates are situated generally in the upper left part and in the lower part of the images, as confirmed by both morphology and elemental distribution. The elemental distribution shows evidence of the presence of pure iron and oldhamite mineral (CaS). As shown in Figure 5, sulfur was distributed in two areas: in the area of former pyrite where it matched with iron, and in the areas of Ca distribution (former calcite grains). Sulfur was not situated everywhere inside the area of former pyrite; in white dense grains, only Fe was detected. This fact indicates that these dense grains may be pure iron; elemental fractions in EDX measurements confirmed that the atomic fraction of iron in the dot 46_800 1 was 71.44 at.%, while the fraction of sulfur was only 1.21 at.%. In the dot 46_800 2, the fraction of S was 15.54 at.%, while the fraction of iron was 39.22 at.%. In this dot, the iron amount also exceeded the fraction of sulfur, but not by much, perhaps caused by the presence of pure iron and iron compounds with sulfur or pure iron and pure sulfur. The matching of Ca and S elements may evidence that these elements formed a single compound. However, in dots 46_800 3 and 46_800 4, the atomic fractions of Ca exceeded the atomic fractions of sulfur (Ca = 28.14 at.% and S = 13.62 at.% vs. Ca = 22.12 at.% and S = 1.76 at.%, respectively), while, according to the formula, CaS fractions of these elements should be approximately equal. Furthermore, oxygen and carbon were contained in this area, which can be explained by the assumption that the calcium and sulfur compounds were formed only on the surface of mineral grains, whereas the penetration depth of the current was deeper than the layer of calcium with sulfur thickness. Thus, in the obtained spectra, the elemental compositions of calcium oxide, hydroxide, and calcium carbonate may be reflected.



Structural alterations in the carbonate mineral matrix were determined by BIB-SEM. Fine-grained aggregates appeared in areas of carbonate crystals with a grain size of 0.23–0.30 µm. Aggregates were highly porous with a pore size about 0.1–0.25 µm. Carbonate mineral crystals were fractured intensively at the T = 800 °C according to SEM (Figure 6).




3.2. Organic Matter Alterations


We monitored both morphological changes in organic matter and changes in pyrolytic parameters during heating. Major morphological changes were observed in a temperature range of 350–600 °C, which included squeezing and compaction of kerogen, as well as fracture formation. Squeezing and compaction of organic matter were determined from SEM images, which clearly showed the convergence of mineral grains as the heating temperature increased (Figure 7). The shrinkage occurred parallel to the bedding and in areas rich in organic matter, where mineral grains seemed to “float” in kerogen. The average extent of compaction calculated for 10 different distances between grains was about 32%.



In addition to compaction, fractures formed in OM at the temperature of 450 °C (Figure 8). The fracture length varied from 1 to 5 µm. The aperture increased with temperature from less than 0.3 µm to 0.5–1.12 µm.



The HAWK pyrolysis procedure showed that the extent of thermal maturation changed to more mature, and the hydrocarbon generation potential decreased with an increase in pyrolysis temperature. As expected, the amounts of free (S0) and adsorbed (S1) hydrocarbons (HC) decreased almost to zero after heating at 400 °C. The amount of generated HC (S2) decreased by almost 60% at 400 °C in comparison with the amount before heating, whereas, at 600 °C and 800 °C, it decreased by more than 99% and became close to zero. No significant changes were observed in the S3 parameter. The total organic carbon (TOC) parameter showed a gradual decrease with temperature where generative organic carbon (GOC) decreased threefold at 400 °C, becoming almost zero at 600 °C and 800 °C, while nongenerative organic carbon (NGOC) stayed approximately the same (Figure 9).




3.3. Porous Media Alterations


Micro-computed tomography enabled the assessment of porous media evolution inside the rock sample, and not only at the surface in contrast to SEM; however, the relatively rough resolution compared to SEM did not allow to identify pores less than 3 µm or to attribute such pores to the mineral matrix or organic matter. Results of tomography showed the appearance of fractures and vugs at 400 °C, whereas, at 600–800 °C, the complication of the fracture network was determined (Figure 10).



SEM enabled studying structural alterations, including void space changes at a micro level, as well as determining the attribution of voids to rock components (organic matter or minerals). However, the void space evolution could only be studied on the sample’s polished surface.



The net impact of heat treatment on porous media was evaluated by the quantification of porosity using BIB-SEM large-area images and micro-CT scans; results are shown in Figure 11. Figure 11 shows the dramatic difference in porosity obtained from the micro-CT and BIB-SEM. The difference was caused by micro-CT taking into account all the resolved micro- and macrofractures during void space segmentation and calculation, whereas the SEM images accounted only for the pores formed in the carbonate mineral matrix and kerogen.



The following types of newly formed pores were determined at different heating steps, according to SEM and micro-CT:




	
Main fractures, which tended to form at the interfaces between minerals and OM, the formation of such fractures was determined by both SEM (Figure 7) and micro-CT (Figure 9);



	
Fractures inside mineral grains (Figure 6, 800 °C);



	
Fractures inside OM (Figure 6);



	
Voids in kerogen and between grains, which are related to kerogen squeezing (Figure 7).



	
Pores in mineral matrix in areas of decomposed minerals (Figure 8).










4. Discussion


4.1. The Nature of Structural Alterations during Thermal Carbonate Mineral Matrix Decomposition


According to the literature, calcite decomposes to solid calcium oxide CaO and gaseous carbon dioxide via the following reaction [47]:


CaCO3(s) → CaO(s) + CO2.



(1)







Dolomite decomposition is more complex. It decomposes according to the following reaction [48]:


CaMg(CO3)2 → CaCO3 + MgO + CO2 → CaO + MgO + CO2.



(2)







The temperature, the rate of carbonate thermal decomposition, and the morphology of decomposition products vary depending on many factors such as the initial particle size, molecular structure, perfection of the crystal lattice, composition of the surrounding atmosphere, and the influence of additives [47,49]. According to many studies, calcite starts to decompose in inert atmosphere at temperatures of 565–806.6 °C [28,47,50]. XRPD data obtained from sample Ch-46t showed that the decomposition of the carbonates occurred at the temperature of 800 °C in our experiment, which means that the decomposition of Domanik Formation carbonates occurs in the range of 600–800 °C.



In the sample studied, not only did Ca and Mg oxides form as a result of carbonate (calcite, dolomite) decomposition, but new minerals—oldhamite CaS, portlandite Ca(OH)2, and wollastonite CaSiO3—were also formed. This was a result of the interaction of carbonate minerals with other shale components during the decomposition process.



Oldhamite CaS is a rare mineral which is found in meteorites in nature [51], and is also formed in burning coal dumps [52].



The CaS formation from calcite and its decomposition products were investigated in a number of studies.



Oh and Wheelock [53] heated CaO pellets in a mixture of gases containing SO2 gas, and they determined that the formation of oldhamite occurred when the system reducing potential PCO/PCO2 was increased. They described this process by the following reaction:


CaO + SO2 + 3CO → CaS + 3CO2.



(3)







Kim Hoong et al. [54] theoretically assessed the possibility of CaS formation from CaCO3, Ca(OH)2, and CaO during reactions with S2, SO2, or H2S at high temperatures. They concluded that, in the presence of disulfur (S2) or sulfur dioxide SO2 gases, at high temperatures, calcite and its decomposition products could form CaS and CaSO4 with carbon dioxide or water in some cases; in the presence of H2S gas, the formation of CaS with water and, in the case of calcite, with CO2 was possible.



As shown above, the formation of CaS compound at high temperatures is possible during the interaction of CaCO3, CaO, or Ca(OH)2 with sulfur-bearing gases. These gases may be generated in organic-rich rocks during pyrolysis. H2S release from coal during pyrolysis in an N2 inert atmosphere was detected by Chen et al. [55], while Yani et al. [56] also detected the release of H2S and SO2 gases from pyrolized lignite samples. Mozaffari et al. [57] showed the release of sulfur compounds in Estonian kukersite shale oil obtained using pyrolysis at temperatures lower than 520 °C; in particular, they demonstrated that the presence of steam during pyrolysis led to an increase in H2S release.



The source of sulfur-containing gases can be both inorganic and organic compounds. The pyrite mineral represents an inorganic compound contained in the studied samples that can generate sulfur-containing gases by itself or by interacting with other components during pyrolysis.



The process of pyrite decomposition in an inert atmosphere occurs stepwise according to the following [58]: FeS2 (pyrite) → FeSx (pyrrhotite) → FeS (troilite) → Fe (iron). During this process, gaseous sulfur (Sn) is released, with the dominance of S2 gas [52]. This gas may react with calcium-bearing components to form CaS mineral.



A sulfur-containing organic matter can be a source of H2S gas. Calkins [59] detected that disulfides, mercaptans, and aliphatic sulfides generated hydrogen sulfide at temperatures of 700–850 °C during coal pyrolysis.



Sulfur-bearing gases may also be produced by the interaction between pyrite decomposition products and organic matter. The authors of [60] proposed that hydrogen sulfide may be generated at the interface between the organic coal matrix and FeS during heating. Calkins [59] suggested that sulfur gas released from decomposing pyrite can react with the hydrogen in components of organic matter such as alkyl or hydroaromatic compounds forming hydrogen sulfide gas. Yani et al. [56] suggested that SO2 gas may be generated in pyrite-bearing lignite samples via the reaction of pyrrhotite with oxygen present in lignite.



On the basis of the above, we suggest the following possible variants of oldhamite CaS formation in the Ch-46t sample at 800 °C considering that no CaSO4 was detected in the XRPD results:




	
From CaO via interaction with SO2 and CO according to Equation (3), where SO2 can be generated via the reaction between pyrrhotite and oxygen contained in organic matter;



	
From calcite, calcium oxide, or hydroxide in contact with H2S gas via the following reactions suggested by Kim Hoong et al. [54]:


CaCO3 + H2S → CaS + H2O + CO2,



(4)




or


CaO + H2S → CaS + H2O,



(5)




or


Ca(OH)2 + H2S → CaS + 2 H2O,



(6)




where H2S can be generated from organic matter or from the interaction of organic matter and products of pyrite decomposition.








Another compound generated from the carbonate mineral matrix is portlandite Ca(OH)2. Portlandite is a hydroxide-containing mineral which can be found in metamorphic rocks in nature as an alteration product of calcium silicates or as a product of precipitation from springs in ultrabasic rock; it can also be found in fumaroles, burned coal, or spontaneously combusted bitumen-rich sedimentary rocks [61].



Portlandite can be formed via the reaction between CaO and water [62].


CaO + H2O → Ca(OH)2.



(7)







Hydration of CaO can occur in the presence of water in both either a liquid or a gaseous state [63]. At high temperatures during pyrolysis, water is assumed to be in the form of vapor in the studied sample. The source of water can be different: chemically joined water released from clay minerals due to heating, water released from organic matter, or pore water.



The structural alterations of the carbonate matrix at 800 °C were caused by the formation of new components.



The formation of oxides from carbonates may provide a significant complication of mineral matrix with new pore formation. According to Rodrigues-Navarro et al. [27], CaO forms as a pseudomorph in calcite crystals, and it is characterized by a fine-grained porous structure. They heated calcite crystals in a temperature range of 600–1150 °C and determined by FE-SEM that, at temperatures of 700–750 °C, highly porous CaO nanocrystal aggregates formed at the edges of calcite pockets. Porosity in this new structure increased to 34% with a pore size of about 15 nm. These rod-shaped CaO nanocrystals were characterized by a thickness of 20 nm, up to a few micrometers long. The edges of the pockets were straight and parallel to the edges of the calcite rhombohedron.



Portlandite formation from CaO may cause a porosity reduction in highly porous CaO aggregates. In a solid–vapor system, portlandite replaces the original sites of CaO; as the specific volume of portlandite is greater than that of CaO, the newly formed products push apart the original sites, thereby providing expansion [63]. The observed fine-grained structures may be oxides or hydroxides of calcium.



Oldhamite formed as a crust at the calcite crystal surfaces. This did not lead to significant structural changes; however, it prevented the transformation of calcite into calcium oxide due to its specific morphology.



Sulfur-bearing gases contained in a formation or formed during thermal EOR (pyrite decomposition and kerogen thermal cracking) are unfavorable components during hydrocarbon production. They can both damage well equipment and harm the surrounding environment. Sulfur trapping in carbonate decomposition products (in the form of CaS and, probably, MgS) is a positive phenomenon capable of reducing the harm caused by sulfur. Although CaS can dissolve in water, it naturally prevents CaCO3 transformation to CaO and Ca(OH)2 at surfaces of decomposed carbonates, thus preventing additional porosity. However, CaS formed as a crust on carbonate crystals prone to fracking, possibly due to grain expansion during portlandite formation. Ultimately, the fractures formed increased the pore space connectivity.




4.2. Kerogen Microstructural Transformation


Kerogen is an organic material that is insoluble in organic solvents and capable of generating hydrocarbons [64]. The kerogen structure is represented as a macromolecule composed of condensed carbocyclic nuclei connected by heteroatomic bonds or aliphatic chains. Kerogen is amorphous, and its carbon skeleton is porous [65]. The latter, which consists of large chains of aromatic and aliphatic carbons, is highly elastic, a characteristic that impacts the geomechanics of a shared matrix. The chemical structure and porosity of kerogen may be defined by the following: the extent of maturation, the kerogen’s origin (which affects its mechanical properties), and its thermal behavior, including squeezing and fracturing.



The ability of solid kerogen to undergo shrinkage was detected by Budinova et al. [66] and Saad Alafnan [67]. Budinova et al. found that solid kerogen could flow during heating even at low temperatures. Kerogen samples were heated in an open system in a pyrolizer with an intercepted diamond anvil cell, and the squeezing and flow of studding matter were detected at temperatures lower than 160 °C [66]. Saad Alafnan studied the mechanical properties of kerogen, and identified that, as the temperature increased, kerogen underwent prolonged plastic deformation before failure. Vasiliev et al. [68] showed that the kerogen of the Bazhenov Formation became porous with increasing thermal maturation, as a result of microstructural alterations of kerogen in organic-rich shale. In our study, we observed a different effect; instead of pore formation, progressive compaction occurred. This compaction was closely related to the organic porosity, as revealed by the abovementioned researchers. When the mineral matrix serves as a rock skeleton and organic matter (kerogen) fills the voids between the grains, thermal maturation leads to the formation of organic pores. However, when organic matter represents a significant volume of rock (mineral matrix and kerogen are equal), such as in this study, organic matter shrinks during thermal maturation. We suggest that this was a result of the formation of hydrocarbons with the resulting mass loss of the rock.



The elastoplastic properties of kerogen, which may influence its ability to be squeezed, are defined by its microstructure. Saad Alafnan, investigating the link between the petrophysics of kerogen on a molecular level and its mechanical properties, identified that kerogen with the lowest porosity showed the highest degree of elasticity; contrarily, kerogen with the highest porosity showed a higher tendency toward plastic deformation.



The extent of maturation may also influence the mechanical properties of kerogen. Bousige [65] found that immature kerogens tend to exhibit ductile behavior, whereas mature kerogens are characterized by brittle behavior.



Kerogen shrinkage during pyrolysis, which is characteristic for areas in the rock with extremely high organic matter content, may negatively influence reservoir properties. The compaction of kerogen may cause the compaction of the whole volume of rock, contributing to the closure of pores and fractures. On the contrary, fracture formation results in additional porosity and may enhance reservoir properties.



The experimental design involved heat treatment in an open system at atmospheric pressure. However, real subsurface EOR occurs at lithostatic and reservoir pressure. There are only a few experiments under high pressure available in the literature, which indicated the formation of organic pores at temperatures generally lower than we observed. For example, at 333 °C, Ko et al. [69] demonstrated spongy pores after hydrous pyrolysis. We might expect the formation of organic porosity earlier in the presence of water and reservoir pressure. In turn, the lithostatic pressure potential might prevent formation of organic pores. The influence of reservoir pressure on carbonate mineral decomposition is poorly studied, and there are contradictory data in the literature. Some researchers found that high pressure induces polymorph transitions [70], while others stated that high pressure influences the decomposition temperature [71]. There are no available data on Domanik mineral matrix transformation under reservoir pressure conditions, and a detailed study is needed. The second aspect is the presence of water in the subsurface during real EOR application. There are several aspects to consider when using anhydrous pyrolysis. Firstly, despite no water being used in the experiment, water is still present in the Domanik Formation sample [72,73,74], and it can also be naturally generated during the thermal cracking of kerogen [75]. Secondly, a number of EOR shale-oriented techniques utilize gases, such as high-pressure air injection with further self-pyrolysis [76] and CO2 or N2 injection [77,78,79,80]. Thirdly, there are ex situ shale retorting techniques which use pyrolysis [81]. Anhydrous pyrolysis is a cheap and fast method for the artificial maturation of organic-rich shale. However, at the same time, it might be the source of potential biases, which are related to the presence of water and reservoir pressure. Using the results presented in the paper, advanced experiments, including water, reservoir, and lithostatic pressure, should be designed to evaluate the whole spectrum of in-situ alterations.





5. Conclusions


A Domanik Formation organic-rich shale sample was pyrolyzed in an inert atmosphere and ambient pressure at temperatures in the range of 350–800 °C. Alterations of the carbonate mineral matrix and organic matter, as well as the evolution of porous media, were investigated using a variety of methods. According to the experiments conducte and their interpreted results, the following conclusions could be drawn:




	
High-temperature treatment induced a significant alteration of the carbonate mineral matrix in Domanik Formation shale. The alteration included the decomposition of carbonates and the formation of new minerals, such as lime, periclase, portlandite, and oldhamite;



	
The decomposition of carbonates in a shale multicomponent medium is more complicated than in pure carbonates: CaS was formed in the presence of sulfur-containing components such as pyrite and OM, whereas Ca(OH)2 was formed in the presence of water;



	
The void space of Domanik Formation shale evolved through the temperature treatment. At the temperature of 350 °C, fractures started to appear at the edges between components, whereas, at 450 °C fractures appeared within the organic matter. Micropores in the carbonate mineral matrix formed after carbonate thermal decomposition at T = 800 °C. The bulk porosity increased from almost zero in the initial state to 6.7% at T = 800 °C;



	
The microstructure of organic matter was significantly altered during the treatment of Domanik Formation rocks. Microfractures formed in the OM at T = 400 °C, while shrinkage and compaction occurred in the temperature range of 350–600 °C by approximately 32%.
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Figure 1. (a) The geographic location of the Domanik-type rocks; (b) the Domanik Formation in the regional stratigraphic chart. 
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Figure 2. Microphotographs of Ch-46t sample, demonstrating organic matter and mineral heterogeneity; 1—mineral components (light color), 2—organic matter (dark brown). 
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Figure 3. Schematic representation of the experiment. 
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Figure 4. (A) Sample Ch-46t XRD patterns before the experiment and after heating at temperatures of 400 °C, 600 °C, and 800 °C. (B) Evolution of mineral composition during the experiment. 
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Figure 5. EDX elemental maps and point analysis results for sample Ch-46t at T = 800 °C. Sulfur (S), iron (Fe), calcium (Ca), oxygen (O), and carbon (C) elemental distribution maps combined with SEM image. Yellow line—decomposed pyrite framboid; red line—decomposed calcite grains (lime); blue line—iron grains. 
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Figure 6. BIB-SEM images of sample Ch-46t at T = 600 °C and 800 °C. Structural alterations in carbonate mineral matrix occurred at T = 800 °C. Od—oldhamite (CaS); Lm—lime (CaO); Pd—portlandite (Ca(OH)2). 
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Figure 7. BIB-SEM images of sample Ch-46t before heating and at T = 350–600 °C illustrating the OM shrinkage. 
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Figure 8. t at T = 400, 450, and 800 °C. The appearance of fractures in kerogen at T = 400 °C is shown; the fracture aperture increased with temperature. OM—organic matter; yellow arrows—fractures. 
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Figure 9. (A) Free (S0), adsorbed (S1), and generated (S2) hydrocarbon amount, and CO2 (S3) change; (B) total organic carbon alteration after heating up to 800 °C. GOC—generative organic carbons, NGOC—nongenerative organic carbon. 
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Figure 10. Micro-CT slices in XZ plane of Ch-46t sample before heating and after heating at 400 °C, 600 °C, and 800 °C (XZ, XY, and YZ planes). Slices for the initial state and at 400 °C and 600 °C were selected for the same areas. Arrows indicate fractures. 






Figure 10. Micro-CT slices in XZ plane of Ch-46t sample before heating and after heating at 400 °C, 600 °C, and 800 °C (XZ, XY, and YZ planes). Slices for the initial state and at 400 °C and 600 °C were selected for the same areas. Arrows indicate fractures.



[image: Minerals 12 00870 g010]







[image: Minerals 12 00870 g011 550] 





Figure 11. Porosity change during treatment based on BIB-SEM scanning and micro-CT. The significant difference in porosity was caused by the accounting of all resolved fractures by micro-CT, whereas SEM only accounted for pores in the carbonate matrix and kerogen. 
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Table 1. Mineral composition of sample Ch-46t according to X-ray powder diffractometry.
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	Calcite, %
	Quartz, %
	Microcline, %
	Illite, %
	Dolomite, %
	Pyrite, %





	48.5
	22.6
	17.6
	7.5
	1.9
	1.9
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