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Abstract

:

The characteristics of the hydrate-bearing sediments affect the formation and dissociation of gas hydrate in sediments. The mineral composition, their dispersion, and chemical composition of hydrate-bearing sediment samples plays a dominant role in the hydrate stability condition and its economic development. In this paper, the physical properties of hydrate-bearing sediment of India are compared with each other. The sediment samples are taken from the Krishan-Godavari basin (Depth—127.5 and 203.2 mbsf), Mahanadi basin (Depth—217.4 mbsf), and Kerala-Konkan basin (Depth—217.4 mbsf). The saturation of the gas hydrate observed at these sites is between 3 and 50%. Particle size is an important parameter of the sediments because it provides information on the transportation and deposition of sediment and the deposition history. In the present study, we investigated the mineralogy of hydrate-bearing sediments by chemical analysis and X-ray Diffraction. XRD, FTIR, and Raman Spectroscopy distinguished the mineralogical behavior of sediments. Quartz is the main mineral (66.8% approx.) observed in the gas hydrate-bearing sediments. The specific surface area was higher for the sediment sample from the Mahanadi basin, representing the sediments’ dissipation degree. This characterization will give important information for the possible recovery of gas from Indian hydrate reservoirs by controlling the behavior of host sediment. SEM analysis shows the morphology of the sediments, which can affect the mechanical properties of the hydrate-bearing sediments. These properties can become the main parameters to consider for the design of suitable and economic dissociation techniques for gas hydrates formed in sediments.
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1. Introduction


Gas hydrates are formed when the guest molecules of suitable size and shape are captured through van der Waals forces in the well-defined cages of host molecules [1]. The molecules of water and gas chemically interact to construct an ice-like crystalline structure [2], which is stable at an absolute pressure and temperature range [3]. The bottom of the stability area of hydrate structures is designated with the Bottom-Simulating Reflectors (BSR), which are parallel to the seafloor at a sub-bottom depth of a specific hundred meters [4,5]. These BSRs are formed by a sharp elastic contrast between the methane hydrates bearing and the underlying sediments, which are either brine or gas saturated [6]. Recently, hydrates have gathered so much recognition due to their environmental importance and new energy resources [7]. The enormous quantity of methane hydrates is located in the permafrost regions and the ocean bed [8,9]. The amount of energy in methane hydrate is significantly more considerable than the hydrocarbon deposits on earth [7]. There are several studies which have attempted to observe the properties of hydrate-bearing sediments directly from cores. The various hydrate dissociation techniques are thermal stimulation, depressurization, chemical injection, and CO2 sequestration [10,11].



Hydrates recovered from natural deposits display a wide range of growth habits and tend to be patchily distributed within the host sediment according to texture. The base of hydrate stability in the marine surface has often been found at the approximate conditions of pressure and temperature given by phase equilibria. The sediment somehow inhibits gas hydrate nucleation and growth in porous media. Natural gas hydrates formed in sediments are observed in permafrost onshore areas and in sediments of subsea areas, where natural gas hydrates are formed in the stability region of hydrates. Sediments with hydrates in offshore areas have been found in water deeper than 300 m generally, and their existence zone is from the seafloor downward some hundred meters depending on the local geothermal gradient [12]. Natural gas hydrates are the different forms of energy sources other than conventional sources such as oil and coal. It acts as a part of the sediment skeleton, which occurs in load bearing, pore filling, and cementing forms [13]. Hydrates are a metastable material which can also easily decompose as the temperature increases or pressure decreases. This classification has been done by observing the infrared and X-ray images of standard cores and the pressure cores, respectively, from the gas hydrate expeditions of marine gas hydrate. The grain-displacing veins of hydrate in mud has been recognized as the dominant factor to observe the significant difference between the concentration of hydrate calculated from cores, well log resistivity, and velocity by assuming an isotropic uniform distribution of hydrates in pore space [13]. The dissociation of solid-gas hydrates formed in sediments invokes complex chemical, physical, and mechanical interactions in hydrates, which pose significant challenges in the evolution of secure and economical technology for gas production. Hence, the production of gas from natural deposits of gas hydrates demands different knowledge and technologies. The essential parameters required in the numerical simulations for the gas hydrate dissociation are permeability, compressibility, index properties, and undrained shear strength. There are a number of papers on the characterization of natural hydrate sediments with and without gas hydrates and the effect of hydrate formation on the characteristics of sediments [14]. Winters et al. 2014 observed the characteristics of sediments from the Kerala-Konkan, Krishna-Godavari Andaman, and Mahanadi basins and showed the effect of the sediment’s properties on the morphology, formation, and distribution of gas hydrate. They developed the connections between morphology and physical properties of hydrate reservoirs [15].



The physical properties of sediments give the basic understanding of the formation and dissociation methods of gas hydrates. The natural deposits of gas hydrates need the assessment of production rates, stability of wellbore, and flow assurance to establish a safe and efficient strategy for gas production. The basic criteria for the characterization of the physical behavior of sediments are to observe the physical properties, such as porosity, density, and grain size [1]. The marine sediments are classified based on the origin of the sediments, such as lithogeneous, biogeneous, and hydrogenous. The sources of these types of sediments are volcanic and terrestrial, the marine organism remains, and seawater precipitates. Most of the marine sediments are observed along the continental areas originated from terrestrial sources. The production potential of the natural deposits of gas hydrates formed in marine sediments is the latest interesting research topic. There are studies that focus on finding the relation between the physical properties of the host sediments and the nature of the formation of hydrates. The inherent physical properties of the host sediment affect the morphology, location, and nature of the in situ hydrate. Winter et al. 2014 showed that the production potential of naturally formed gas hydrates could be influenced by porosity, permeability, and sedimentation rate other than the grain size [15]. Seo et al. 2009 predicted that the rheology and mineralogy of the clayey sediment affect the efficiency of methane production from marine sediments. The mineralogy and rheology of sediments have an important role during the formation and dissociation of in situ gas hydrate [15].



When the molecules of gas hydrates are trapped in the pore space of the marine sediments, the bulk physical properties of the sediments can be greatly affected. The electrical resistivity is the most influenced properties of the sediments from several other in situ physical properties. Hydrate-occupying sediments show comparatively large resistivity relative to the sediments without hydrate. Hence, the quantity of gas hydrates in the sedimentary part can be evaluated by a downhole resistivity log. An increase in electrical resistivity value was observed in the hydrate-bearing sediments from the Krishna-Godavari (KG) basin during the National Gas Hydrate Program (NGHP-01). This observation is useful to analyze the efficiency of in situ electrothermal heating during the dissociation process of hydrates [16]. The gas hydrate formation in the marine sediments can influence some of the physical properties of sediment and the difference in the properties can be discovered by field measurements and downhole logs [17].



Dong et al. 2020 indicated that hydrate with high saturation indicates a strain-softening brittle mode, and low saturation indicates a strain-hardening ductile failure mode [18]. Nair et al. 2016 studied the kinetics of methane gas hydrate formed in the porous media to understand the formation and dissociation behavior. They also examined the effect of the size of silica sand on the hydrate formation and concluded that the gas consumption in the smaller-sized sand particles is higher than the larger-sized sand particles. They also concluded that the recovery of gas and rate of dissociation is higher in the smaller-sized sand particles than the bigger-sized sand particles. Stoll and Bryan 1979 conducted experiments to determine the thermal conductivity and acoustic wave velocity in hydrates and sediments after the formation of hydrates. They observed a decrease in the thermal conductivity of sediments after the formation of hydrates [19,20]. Mahabadi et al. 2019 showed that the permeability of hydrate occupied sediments affects the dissociation of hydrate as well as the rate and efficiency of production [21]. Wang et al. 2020 studied the mechanical and physical properties of the overburden layer of sediments from the South China Sea, such as particle and pore size distribution, water content, specific surface area, compositions of minerals and chemicals [22]. The particle size of the clayey sediments will affect the induction and growth rate of hydrate. The interlayer structure and surface chemistry of the host sediments have a significant impact on the formation and dissociation of gas hydrates. The transport of these interlayer species through the clay is attributed to a complex interaction of the host molecule with sediments depending on the solid surface characteristics, such as surface charge, surface area, etc., in the suspensions of sediment. In clay type of materials stacking layers forms interlayers into which water molecules gets adsorbed resulting into hydrogen bonds formation. The surfaces of clay minerals having stacked silicate sheets have a net negative charge. It has been revealed in the literature that the few reactive sites present on the clay mineral surfaces are responsible for the promotional effect of formation by facilitating nucleation sites and well-ordered hydrate [23,24].



The flow behavior of sediments containing clay and silt will change shear thickening from shear thinning after an increase in the particle size. An increase in the saturation of hydrate can increase the strength of sediments. The stability of gas hydrates can be affected by the salinity of pore water [25]. Increase in the salinity of pore water can decrease the hydrate formation temperature. The hydrate formation and inhibition can be affected by the reduced water quantity in the clays. Uchida et al. 2004 observed that increased water content would increase hydrate accumulation [26]. Winters et al. 2004 concluded that the gas hydrates formed in natural sediments and in the laboratory have different physical properties [27]. Sun et al. 2019 performed a numerical simulation by a two-layer model and showed that the multi-physical responses are related to different material properties of the two layers [28]. Hyodo et al. 2014 investigated the mechanical behavior of CO2 and CH4 hydrate-bearing sediments [29]. The origin diversity of the clay and its physical and chemical characteristics can promote or inhibit or have no influence on hydrate stability. The hydrate formation process in sediments can also be affected by the type of mineral present in the sediments because the minerals present in the sediment can affect the rheological properties of sediments. The hydrate-bearing sediments can show a significantly high strength. The shear strength of sediment can increase and effective stress can decrease because of the hydrate formation in sediments. The decrease in the effective stress can result in instability in the seafloor and leads to the various geohazards and can also influence the methane production [16]. Zhang et al. 2011 studied the effect of hydrate saturation and conversion ratio of water to hydrate, as well as the effect of grain size of the sand on the hydrate formation. They concluded that the conversion ratio has a significant role in distributing hydrate in sediment pores [30].



The National Gas Hydrate Program Expedition (NGHP) was organized to observe the existence of gas hydrate next to the Andaman convergent margin and the passive continental margin of the Indian Peninsula. This program’s special attention was to interpret the geochemical and geologic dominance on the availability of gas hydrate. This program proved the existence of hydrates in the Krishna-Godavari, Kerala-Konkan, Andaman and Mahanadi basins. One of the thickest gas hydrate accumulations has been uncovered in the Krishna-Godavari basin and one of the deepest and thickest stability zones of gas hydrates in the world was discovered in the Andaman Sea. A total of 21 sites has been located, i.e., 15 sites in Krishna-Godavari, 1 site in Kerala-Konkan, 1 site in Andaman deep offshore, and 4 sites in Mahanadi. During this program, it was observed that the concentrated gas hydrate was related with the fractures mostly and for some restricted specimen by coarser grained sediments, i.e., mostly sand-rich type sediments [31]. The Krishna-Godavari basin has Class 4 type natural deposits, which have low methane hydrate saturation (<10%) layer and no impermeable layers [32].



This paper presents and compares the analysis of 10 physical properties of gas hydrate-bearing sediments recovered from natural gas hydrate reservoirs of India during National Gas Hydrate Program (NGHP). All sediment samples used for the study in this paper did not contain gas hydrate at the time of analysis. The properties of gas hydrate-bearing sediments without hydrate are still important since they can disturb the formation conditions of gas hydrates in clayey sediments. We have analyzed the properties of gas hydrate-bearing sediments, such as conductivity, pH, salinity, Total Dissolved Solids, Water Content, Density, Porosity, and Total Organic Carbon, of natural gas hydrate reservoirs recovered in India. The mineralogical and physio-chemical characteristics of gas hydrate-bearing sediment samples can help to develop economic dissociation technology for gas hydrates.



1.1. Bottom-Simulating Reflector (BSR)


Methane hydrate is stable inside the temperature range that prevails on the ocean floors at water pressures. After the formation of methane hydrate in sediments, the sediments’ temperature increases with depth, leading to the instability of hydrates below the ocean floor at a few hundred meters [4]. The lower boundary formed at this depth is called the Bottom-Simulating Seismic Reflector (BSR). The identification of BSR gives the quantity of hydrate and recoverability (strength and permeability) and mobility of hydrate [4].



In the BSR detection method, a sonic wave penetrates and is reflected back from the ocean floor within some time. The velocity contrast below the ocean floor changes the density of the material. BSR with hydrates gives the designations of velocity contrast between the velocity in hydrate containing gas and sediments. This gives a sharp diminish and increase in sonic compression velocity and shear velocity, respectively. Hyndaman and Spence (1992) concluded that about 1/3rd of the pore space should be occupied with hydrate for the BSR identification [33,34]. The thickness of the stability zone of hydrates in marine sediments depends on the water depth, temperature of the seafloor, and geothermal gradient [34,35]. Umashankar concluded that the nature of BSR could be affected by sedimentation patterns parallel to the seafloor because gas hydrate in sediments can increase the electrical resistivity. Permeability reduces after the agglomeration of hydrate in sediments [36]. Permeability can also be related to velocity depending on the situation of gas hydrate formation [37].




1.2. Geographical Overview


A geographical overview of natural gas hydrate reservoirs in India is shown in Figure 1, which consists of locating the sites in Krishna-Godavari, Kerala-Konkan, Andaman deep offshore, and Mahanadi.



1.2.1. Krishna-Godavari Basin


The Krishna and Godavari rivers form an extensive deltaic plain in Andhrapradesh and nearby areas of the Bay of Bengal. These rivers eject their water in this delta and form the Krishna-Godavari basin. This basin is located on the east coast of India and covers an area of 15,000 km2 onshore and 25,000 km2 offshore. This basin has 5 km thick sediments with extensive Carboniferous deposition to Pleistocene deposition. The basin was established by the splitting of the eastern continental side of the Indian Craton in the initial Mesozoic. The maximum thickness of the sediments in the basin is 5000 m, and the controlling factor for this thickness is the presence of a long linear Gondwana Rift valley. The entrapments of hydrocarbons are anticipated from Permo-Triassic to Pliocene sediments [38].




1.2.2. Mahanadi Basin


The Mahanadi basin originates from the rifting and breakup of Gondwana Land, situated on the east coast of India, covering an area of 14,000 km2 in the shallow offshore area. The on-land part is restricted to the northwest and west through Pre-Cambrian outcrops, which belong to the Indian Crystalline aegis. The Onshore Mahanadi basin is situated in the Orissa, but the shallow offshore portion lies off in the Andhra Pradesh coast and Orissa. The basin lies between 80°30 to 86°50 east longitude and 19°21 to 23°35 north latitude. It covers the area in Madhya Pradesh, Orissa, Bihar, and Maharashtra states. The generalized Litho-Stratigraphic column of the Mahanadi shallow offshore basin consists of sands, clays, and silts. The temperature gradient in the onshore and offshore basin is found to be >2.5/100 m. The presence of organic matter and stratigraphic and structural traps in the basin indicate the hydrocarbon potential of the basin. The presence of coarse-grained sandstones confirmed the potential of sediments to host the hydrocarbons. The Mahanadi basin has the potential for the formation of gas hydrates due to the enormous volume of coarse-grained sediment and organic-rich sediments from the Brahmani and Mahanadi Rivers [39].




1.2.3. Kerala-Konkan Basin


The Kerala-Konkan basin is situated at 16° N latitude in the south. This offshore KK basin built the southern segment of the western continental edge of India and is distributed from Goato Cape Comorin. This basin is extending to the Arabian Abyssal Plain on the western side and is surrounded by a peninsular shield. These sediments contains sandstones, siltstones, shales and clay stones, argillaceous limestones, carbonate, white and grey clays, lignites, white plastic clays, peat/lignite, grey pebbly, coarse sands and mottled clays [38]. The basin is distributed in an area of 5.8 × 105 km2 and the main sources of sediments in the Arabian Sea are the Indus River, which discharges in the northernmost part of the Arabian Sea and the Tapti and Narmada Rivers and ends in the Gulf of Combay. The Kerala-Konkan basin contains 109,000 km3 Cenozoic sediments [40]. The sediments on the west coast are primarily globigerina clay [39]. The Kerala-Konkan basin has gained much interest because of its probable hydrocarbon potential [41].




1.2.4. Andaman Basin


The Andaman basin covers an area of 8 × 105 km2 and is detached from the Bay of Bengal through the Andaman Nicobar Ridge. This basin extends 1200 km southward to Sumatra and the Malacca strait from the Irrawaddy delta coast of Burma. The principle source of sediments of the Andaman basin is the Irrawaddy River that contains silt and clay. The Irrawaddy River flows by way of central Myanmar and finishes in the northern Andaman Sea. Sediment core from the Andaman Sea contains terrigenous nannofossil carbonate and muddy clay [42].






2. Material and Methods


2.1. Preparation of Sample


The sediment samples were taken from the Mahanadi (Depth—217.4 mbsf, Hydrate Saturation—>50%, Sea Floor Temperature—2.4 °C), Kerala-Konkan (Depth—246.8 mbsf, Hydrate Saturation—15%), and Krishna-Godavari (Depth—127.5 and 203.2 mbsf, Hydrate Saturation—3 to 39%) basins in the Bay of Bengal by the Gas Hydrate Research and Technology Center (GHRTC), Panvel, Mumbai, INDIA. The samples were dried to remove moisture, and the physical appearance of sediment in raw and powder form is shown in Figure 2. The sediment samples have been transformed into powder form by a mortar. The different concentration of sediment samples was prepared to measure physical properties such as pH and TDS by dissolving it in a known quantity of Millipore water.




2.2. Experimental Setup


Particle Size Analysis (PSD), Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy, inductively coupled plasma mass spectrometry (ICPMS), Cation Exchange Capacities and Specific Areas, Total Dissolved Solids (TDS), Salinity, pH, Total Organic Carbon (TOC), Conductivity, and Raman Spectroscopy were performed to investigate the physical and mineralogical characteristics of gas hydrate-bearing sediments. The name of the equipment used for different tests is given in Table 1.





3. Results and Discussion


3.1. Physical Properties of Sediment Samples


The physical properties of the sediment sample were performed as given in [43] and listed in Table 2. As shown in Table 2, the Total Organic Carbon content is higher for hydrate-bearing sediments from the Kerala-Konkan basin. The conductivity, pH, and salinity of hydrate-bearing sediments are higher for the Andaman basin [44]. The water content, density, and porosity are higher for the sediments from the Krishna-Godavari basin at 127.5 mbsf and lower for sediments from the Kerala-Konkan basin. The strength of the sediment samples increases as the water content of the sediment samples decreases. From the data, it can been observed that the sediment sample from the KK basin has the least percentage of water content and sediment sample, while KG(1a) contains the higher percentage of water content as compared to other sediment samples. Hence, the strength of the sediment sample from the KK basin is higher and the strength of the sediment sample from the KG(1a) basin is lower. The decreasing order of strength of sediment samples is KK > Mahanadi > KG(1b) > KG(1a).




3.2. Particle Size Analyzer (PSA)


The particle size analysis of the hydrate-bearing sediment samples is shown in Figure 3 and Table 3. According to the results of NGHP, the sediment of Indian gas hydrate reservoirs is mainly of clay and silt type. The sand, silt, and clay particles are differentiated based on their particle size. The particle size of sand is large (0.1–2 nm), while the particle size of the clay is extremely fine (<0.002 mm) and the particle size of the silt is in between that of clay and sand (0.002–0.05 mm) [45].



When the sediments contain clay particles, the dispersion of sediments will occur. When the sediments are mixed with water, the clay particles are loosened and the soil separates into single particles [46]. The asymmetrical polymodal distribution of sediment samples with the inflection points is shown in Figure 3. The sediment from the Krishna-Godavari basin at a depth of 127.5 mbsf shows the inflection points at around 38 and 36 µm, but the sediment from the Krishna-Godavari basin at a depth of 203.2 mbsf shows the inflection points at around 9.5, 30, 45, and 64 µm. The sediment from the Kerala-Konkan basin shows the inflection points at around 9.7, 25, 37, 43, 56, and 61 µm. The sediment from the Mahanadi basin shows the inflection points at around 8.7, 42, and 60 µm. The distribution width of the sample can be determined by the values of D10, D50, and D90. These values give the diameter at which 10, 50, and 90% of the population is lower than the given value (Table 3). The sediments from the Krishna-Godavari basin are of clay with limited sand/silt bed type, but the sediments from the Mahanadi basin are not of silt/sand bed type. The gas hydrate-bearing sediments from the Kerala-Konkan basin are of a carbonate-rich type. Sediments of the Andaman basin mainly have clay/silt, volcanic ash bed type [44]. From Figure 3, it is confirmed that the sediment sample is of silt, sand, and clay type. The particle size of the sediment plays an essential role during the formation and dissociation of gas hydrates formed in sediment. This will affect the induction and growth rate of hydrates in sediments. The rate of hydrate induction in the small-sized particles of sediment is higher than particles of a large size. The unequal distribution of particle size in natural sediments also affects the equilibrium conditions of naturally formed deposits of methane hydrate. From the size of the sediments, it has been confirmed that the sediments sample are of fine/very fine sand, coarse, medium, fine, and very fine silt and clay types. The hydrate stability temperature in porous materials is high as compared to the bulk water. The particle size effect of sediment can be related by the proportion effect of bulk water [47]. The restricted water in porous sediments has different physical and chemical properties than bulk water [47]. The percentage of silt, clay, and sand particles was observed by the Hydrometer method (Table 4) [48]. The particle size of the hydrate-bearing sediment samples affects the time of nucleation and saturation of hydrate. The formation of hydrate may be easier in sediments of smaller particle sizes [49]. The dispersion of small-sized sediment is affected by the induced flocculation, and this will describe that weather particulate will settle down in aggregate form or as discrete grains. Flocculation can influence the deposition of clay and silt particles. The ratio of silt and clay can describe the interaction of sediment and water during hydrate formation. This ratio is also related to the particle size distribution [50]. The sediments from KG basin contains more clays minerals as compared to other sediment samples. The hydrate-bearing sediment samples from the Mahanadi and KK basins mainly contain silt particles. The available amount of clay and silt particles in hydrate-bearing sediment samples can affect the hydrate formation conditions and hydrate content due to their particle sizes. The sediment from the KG and KK basins contains fine particles that vary from clay to silt. The sediment from the KG basin contains a higher amount of sand than other sediment samples. The presence of sand can affect the hydrate formation in the sediments of the KG basin. The sediment from the Mahanadi basin contains a minimum amount of sand.




3.3. X-ray Diffraction (XRD)


The powdered XRD analysis was conducted as given in [44]. Figure 4 shows the diffractogram for X-ray diffraction. The mineral component of the hydrate-bearing sediments was sepiolite (S), quartz (Q), magnetite (M), kaolinite (K), halite syn (H), and calcite (C). The agglomeration and nucleation behavior of sediments containing hydrate changes according to the type of minerals. The swelling and flow behavior of clay is affected by the water adsorption efficiency of minerals existed in the sediments. The identified list of minerals in the sediments has been analyzed by XRD interpretation software MATCH (CRYSTAL IMPACT). The list of minerals and their approximate percentage observed in the XRD Diffractogram is given in Table 5.



The mineral composition of hydrate-bearing sediment samples and the chemical description of all minerals is given in Table 5. The percentage of quartz was maximum in all hydrate-bearing sediment samples. The main minerals observed in sediment samples were Calcite, Halite, Silicon, Hematite, and Bornite. Halite minerals are highly soluble in water. After performing the XRD analysis of the dried and wet hydrate-bearing sediment samples, we observed that approximately 64% the halite was present in dissolved form and 36% of the halite was in mineral form in all sediment samples.



The presence of clay in hydrate-bearing sediments reduces the void spaces and can then decrease the conversion of water to hydrate and the rate of hydrate formation. Therefore, Bentonite clay can inhibit the growth of hydrate in the sediments [51]. The accumulations of hydrate can be observed in coarse-grained sand in which the pore connectivity is good, which can lead to the even distribution of gas throughout. The high number of clay particles decreases the pore space and the accumulation of hydrates. The presence of Kaolin clay may inhibit the formation of methane hydrate [52].




3.4. Fourier Transform Infrared Spectroscopy


The infrared spectra of hydrate-bearing sediment samples have been shown in Figure 5. carbonate and quartz were detected in all the sediment samples. The peaks are detected at 1638–1641, 1439, 1033–1034, 792.9–797.3, 694.7, and 525.8–526.9 cm−1 in a sediment sample from the Mahanadi and Kerala-Konkan basin and confirm the existence of carbonate, silicate, and quartz. In the sediment sample from the Krishna-Godavari basin and Andaman basin [44], the observed peaks confirm the presence of smectite, kaolinite, silica, quartz carbonate, and silicate. Smectite is detected in the sediment sample from the Krishna-Godavari basin at a depth of 127.5 mbsf. Moreover, it is detected in the sediment sample from the Krishna-Godavari basin at a depth of 203.2 mbsf. The list of minerals and their wave number observed in the FTIR analysis is given in Table 6.




3.5. Raman Spectra


The Raman spectra for gas hydrate-bearing sediment samples from the Krishna-Godavari, Mahanadi, and Kerala-Konkan basins are shown in Figure 6. The Raman spectra for all sediment samples was conducted as explained in [44]. The specific mineral peaks observed in the Raman spectra are compared with Renishaw’s Inorganic Material and Minerals Database.



The gas hydrate-bearing sediments primarily contain quartz, kaolinite, silica, calcite, halite, silicon, bornite, and hematite. The strong peaks identified at 495 cm−1 and 1345 cm−1 in the Raman Spectra of the Krishna-Godavari basin confirm the presence of quartz; however, the weak peaks at 160, 310, and 1075 cm−1 confirm the presence of calcite. The strong peak observed at 1598 cm−1 shows the characteristics of the carbon D and G bonds of amorphous carbon. The strong peaks identified at 1450 cm−1 in the Raman Spectra of the Kerala-Konkan basin confirm the presence of hematite, but the weak peaks at 515 cm−1 confirm the presence of quartz. The sediment sample from the Mahanadi basin and the Andaman basin [44] shows the very small peaks for quartz and other minerals.



The growth and formation of gas hydrate formed in sediments will be affected by the presence of different types of minerals. The swelling behavior of the sediments depends on the water adsorption efficiency of the minerals present in the host sediments. Mineralogical constituents also influence the flow behavior of fine sediments. Table 7 shows the minerals available in the sediment samples and the corresponding characteristics peaks of the Raman spectra.




3.6. Inductively Coupled Plasma Mass Spectrometry (ICPMS)


The result obtained by the ICPMS analysis is given in Table 8. The manganese, potassium, and iron content in the sediment samples from the KG and Mahanadi basin are very high. The amount of copper and aluminum is high in the sediment samples from the Mahanadi basin. The silicon content in the sediment samples from the KG basin at different depths shows the minimum and maximum values. It confirms that the amount of silicon varies with the depth in the KG basin. The titanium concentration in all sediment samples is low, but samples from the KK basin contain titanium in high concentrations as compared to sediment samples from other basins. The iron concentration in sediment samples confirms the presence of bornite and hematite, and the aluminum concentration confirms the presence of corundum. The zinc content is high in hydrate-bearing sediments from the Andaman basin as compare to other samples [44]. The concentration of these chemicals can affect the formation and dissociation condition of gas hydrate in sediments. The particulate matter origination of the sediment sample, the reaction between the chemicals and the dissolved phase in the transport, and the displacement can be represented by the chemical proportions of hydrate-bearing sediment samples. The detrital and organic mineral supply can be indicated by the Al in the sediment sample. The hydrate-bearing sediment sample from the KG(1a) basin has a higher Al concentration and shows a higher supply of organic and detrital matter, which shows the lower supply of detrital and organic matter in the sediment. The existence of K, Si, Mg, Fe, and Cu confirms the presence of feldspar, hematite, quartz, bornite, and illite, respectively.




3.7. Specific Surface Areas and Cation Exchange Capacities


The value of the specific surface area and CEC is shown in Table 9. The Cation Exchange Capacity depends on the clay minerals, while the specific surface area is mainly governed by the size of particles as well as their clay minerals. The higher CEC value indicates the presence of a more significant fraction of clay minerals. The order of specific surface area and CEC for hydrate-bearing sediments from different natural deposits of India are Mahanadi > KG(1b) > Andaman [44] > KG(1a) > KK. The CEC values between 3–15 meq/100 g confirm the presence of kaolinite and quartz in the hydrate-bearing sediments. The specific surface area of the clay mineral is high as compared to their weight. Hence, they are easy to bind with one another and also to other materials present in the water [54]. This was also stated in [54], where the precipitated silt and clay minerals were distinguished by their high specific surface The specific surface area of the hydrate-bearing sediments from the Mahanadi basin is higher than the KG basin because the sediments from the Mahanadi basin contain a higher percentage of silt and clay minerals. The specific surface area denotes the dissipation degree of the sediments and also inversely depends on the size of the particle. The specific surface area of the hydrate-bearing sediments is 20 m2/g. Table 9 also shows the particle size of clay minerals and their percentage observed in the sediment samples. The sediment samples contain a higher amount of illite than kaolinite and smectite. Illite can affect the formation of hydrates in sediments because it can hold more water.




3.8. Scanning Electron Microscopy (SEM)


The physical properties of the sediment sample were performed as given in Kumari et al. 2021 [43]. Figure 7 indicates the SEM images and Energy Dispersive Spectroscopy (EDS) graph of sediment samples from the different basins. The sediment sample from KG and Konkan basin has an aggregate-like structure, which shows the presence of strong van der Waals forces. These van der Waals forces hold each clay particle together and form floccules. The sediment sample from the Mahanadi basin and Andaman basin [44] does not show the dispersed-like structure, which shows that there will be weak van der Waal forces. The surface texture and sediment geometry can influence the mechanical properties of the hydrate-bearing sediments [14].



The EDS graph confirmed the existence of O, Na, Mg, Si, Al, S, Cl, K, Ca, Au, and Fe. The sediment sample from the KG basin at a depth of 127.5 mbsf contains all of the above elements, but the KG basin at a depth of 203.2 mbsf does not contain S and Au. Moreover, the Mahanadi basin does not contain S, Ca, and Au, the Kerala-Kankan basin does not contain S and Au, and the Andaman basin does not contain Mg, S, and Au [44]. The existence of elements Al, Mg, K, Si, and Fe increases the cementation properties of the clay particles, as shown in Figure 7 The elemental analysis of the sample is given in Table 10. Due to the presence of diatoms in marine sediments, the internal pore of the sediments will be increased, and hence, it will decrease the specific gravity and increase the specific surface area and porosity. The sediments particles are mostly in the face-to-face flake form and display a dispersed structure, which indicates the anisotropic character of the marine sediments.



The chemical and physical properties of hydrate-bearing sediments will play an important role in improving hydrate dissociation methods. The depressurization methods have the limitation of mechanical properties of sediments, and this study can help improve the mechanical stability of the gas hydrate reservoir. Thermal stimulation has the drawback of poor recovery efficiency, and hence, it can influence the hydraulic stability of the reservoirs. Thus, knowledge of the physical and chemical properties of the sediments can control hydraulic failures. Similarly, the efficiency of the CO2 sequestration method can also be improved by the prediction of these properties.



From a scientific perspective, the sediments from the KG basin sites need to be the focus of future studies, as these can clarify the formations of gas hydrates at real gas hydrates sites and assist in the arrangement of new methods for the gas hydrate dissociation. Moreover, the current study has considered various physical and chemical properties of sediments at various Indian locations and the properties studied above can serve as a guiding tool for designing a dissociation technology for gas hydrates from hydrate-bearing sediments, as the properties studied above will guide the thermal phenomenon influencing the production parameters, such as heat transfer from adjacent formations. Salinity is directly related to the efficiency of gas production. The migration of particles to wells can destruct the gas flow. The EDS analysis has given an idea about the various elements present in the sediments. The detailed mineralogy of various samples of sediments was depicted by various techniques, such as XRD, FTIR, and Raman Spectroscopy, giving a detailed idea of the mineralogy of various gas hydrates formed in Indian reservoirs The fine-grained sediment’s flow behavior significantly depends on the mineralogy of the clay samples [55]. Specific surface area is a type of mineralogical index depicting the mechanical as well as electrical properties of sediments, which will be the guiding parameters for designing any dissociation technique. The SEM has depicted the morphology of sediments, which in turn influence the mechanical properties of the sediments.



The above study has cleared the role of various sediments for the formation of gas hydrates at various Indian Gas hydrates sites, as well as knowledge of their various physical and chemical properties and their significance in designing future gas hydrate dissociation technologies which are needed for the commercialization of this vast resource of energy.





4. Conclusions


In this study, sediment samples were taken from the Mahanadi basin (Depth—217.4 mbsf, Hydrate Saturation—>50%, Sea Floor Temperature—2.4 °C), Kerala-Konkan basin (Depth—246.8 mbsf, Hydrate Saturation—15%), and Krishna-Godavari basin (Depth—127.5 and 203.2 mbsf, Hydrate Saturation—3 to 39%), recovered during the National Gas Hydrate Program I and II. The physical characteristics of hydrate-bearing sediments from Indian-origin reservoirs provided important information for the intrinsic behavior of host sediment. The data from particle size confirmed the distribution of clay and silt. Quartz is the main mineral (66.8% approx.) observed in the gas hydrate-bearing sediments. Iron is the main component observed in the sediment samples (2000 to 6000 ppm). The specific surface area was higher for the sediment sample from the Mahanadi basin, representing the sediments’ dissipation degree. The sediments from the Krishna-Godavari basin are mainly clay, in addition to limited sand/silt bed type, but the sediments from the Mahanadi basin are not of silt/sand bed type. The gas hydrate-bearing sediments from the Kerala-Konkan basin are of carbonate-rich type. The particle size of the sediment samples affects the induction and growth rate of hydrates. The presence of clay in hydrate-bearing sediments reduces the void spaces and can then decreases the conversion of water to hydrate and the rate of hydrate formation. The growth and formation of gas hydrate formed in sediments will be affected by the presence of different types of minerals. The aggregate-like structure of the sediment samples indicates the van der Waals forces; hence, the clay particles can hold each other and can influence the hydrate content. The physio-chemical characteristics evaluated for hydrate-bearing sediments of various Indian basins can help in removing various limitations possessed by each dissociation method currently, such as depressurization, thermal stimulation, inhibitor injection, and CO2 sequestration. These characteristics can be used to design a new economical gas hydrate dissociation technology which can give better results compared to the available hydrate dissociation technologies. The current study gives detailed ideas about the physical, chemical, and mineralogical characteristics of gas hydrate-bearing sediments which can affect the efficiency of hydrate formation and dissociation in sediments. Hence, this study can become a helpful tool for taking energy from fiery ice and can turn it into a future generation fuel.
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Figure 1. Locations of natural gas hydrate reservoirs observed in India [31]. 
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Figure 2. Hydrate-bearing sediment samples. 
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Figure 3. Particle size analysis of hydrate-bearing sediments. 
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Figure 4. XRD Diffractogram. 
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Figure 5. FTIR analysis. 
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Figure 6. Raman spectra of hydrate-bearing sediment samples. 
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Figure 7. Analysis of SEM and EDS for hydrate-bearing sediment samples. 
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Table 1. Testing equipment used for different characteristics of hydrate-bearing sediments.
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	S.No.
	Equipment Name
	Company/Model No.
	Characteristics of Hydrate-Bearing Sediments





	1
	Multi-Parameter Measuring Device
	Model No.-KI-266A, Khera Instruments, Delhi, India
	Physical Properties (pH, TDS, Salinity)



	2
	TOC Analyzer
	Shimadzu, TOC-L, Kyoto, Japan
	Total Organic Carbon



	3
	Oven Drying and Gas Pycnometer
	Ultrapyc 5000, Anton Paar, Graz, Austria
	Water Content, Density, Porosity



	4
	Inductively Coupled Plasma Spectrometer (ICPMS)
	Perkin Elmer, ELAN DRC-e-2004, Boston, MA, USA
	Elemental Analysis



	5
	Laser Particle Size Analyzer
	HORIBA Scientific, nanopartica, Nano, Particle Analyzer, SZ-100, Osaka, Japan
	Particle Size Distribution



	6
	BET
	Micromeritics Asap 2060, Norcross, GA, USA
	Specific Surface Area



	7
	Scanning Electron Microscope (SEM)
	TESCAN MIRA3 FEG-SEM, Brno, Czech Republic
	Shape and Surface Texture



	8
	X-ray Diffraction
	Bruker, D8-Advance, 2008
	Mineral Identification



	9
	Fourier Transform Infrared Spectroscopy
	JASCO, FT/IR-6700 FT-IR Spectrometer, Tokyo, Japan
	Mineral Identification



	10
	Raman Spectroscopy
	Renishaw invia Raman Microscope instrument (Edinburgh, UK)
	Structural Identification
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Table 2. Physical properties of sediment samples.
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	Sampling Locations
	Water Content (%)
	Density (g/cm3)
	Porosity (%)
	Conductivity (mS/cm)
	Salinity (ppt)
	TDS (ppt)
	TOC (ppm)
	pH





	KG(1a)
	87.4
	1.74
	69.84
	15.74
	11.61
	10.17
	506.8
	6.76



	KG(1a)
	78.8
	1.67
	67.62
	14.93
	11.28
	9.78
	146.24
	6.71



	Mahanadi
	76.32
	1.73
	66.91
	10.90
	8.28
	7.11
	414.4
	6.10



	KK
	67.2
	1.61
	64.03
	8.78
	6.52
	5.63
	3760.8
	6.97
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Table 3. Minimum and maximum value of particle size diameter.
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Sediments

	
D10

	
D50

	
D90 (µm)

	
Sediments

	
D10

	
D50

	
D90 (µm)






	
KG(1a)

	
min.

	
0.52

	
1.63

	
3.52

	
KK

	
min.

	
0.48

	
1.79

	
3.81




	
max.

	
2.75

	
58.8

	
678.3

	
max.

	
2.99

	
13.2

	
278.01




	
KG(1b)

	
min.

	
0.63

	
1.69

	
4.54

	
Mahanadi

	
min.

	
0.51

	
1.72

	
3.46




	
max.

	
2.89

	
144.9

	
682.8

	
max.

	
2.50

	
58.7

	
282.1
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Table 4. Percentage of clay, silt, and sand particles in sediment samples.
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	Sediments
	Sand (%)
	Silt (%)
	Clay-Size

(%)
	Sediments
	Sand (%)
	Silt (%)
	Clay-Size

(%)





	KG(1a)
	3.35
	43.76
	52.01
	KK
	0.43
	54.09
	45.42



	KG(1b)
	2.37
	51.23
	46.29
	Mahanadi
	0.12
	61.07
	38.73
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Table 5. Approximate percentage of minerals observed in the XRD Diffractogram.
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Minerals

	
PDF Index Name

	
Chemical Formula

	
2ϴ

	
Percentage




	

	
KG(1a)

	
KG(1a)

	
Mahanadi

	
KK






	
Quartz, syn

	
Silicon Oxide

	
SiO2

	
26.652

26.640

	
66.34

	
66.88

	
62.81

	
69.37




	
Calcite, syn

	
Calcium Carbonate

	
CaCO3

	
29.406

	
10.9

	
11.09

	
11.2

	
9.87




	
Halite, syn

	
Sodium Chloride

	
NaCl

	
31.693

	
7.91

	
8.20

	
8.3

	
6.76




	
Hematite

	
Iron Oxide

	
Fe2O3

	
33.115

	
5.1

	
5.7

	
6.8

	
4.7




	
Silicon, syn

	
Silicon

	
Si

	
28.443

	
2.3

	
1.87

	
2.31

	
2.11




	
Bornite

	
Copper Iron Sulfide

	
Cu5FeS4

	
46.945

	
1.9

	
1.63

	
1.89

	
1.01




	
Eskolaite, syn

	
Chromium Oxide

	
Cr2O3

	
33.597

	
2.7

	
1.3

	
1.65

	
1.78




	
Fluorite, syn

	
Calcium

Fluoride

	
CaF2

	
47.005

	
1.2

	
1.04

	
2.09

	
1.87




	
Chromium, syn

	
Chromium

	
Cr

	
44.393

	
0.7

	
1.01

	
2.1

	
0.91




	
Corundum, syn

	
Aluminum Oxide

	
Al2O3

	
43.363

	
0.5

	
0.3

	
0.6

	
0.67
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Table 6. Minerals and their wave number observed in the FTIR analysis.






Table 6. Minerals and their wave number observed in the FTIR analysis.


















	Wave

Number

(cm−1)
	792.9
	1439
	1150–1270
	1034
	875
	2840–2960
	490
	525.8
	1638
	3458





	Minerals
	Quartz
	Carbonate
	Silica
	Kaolinite
	Calcite
	
	
	
	
	Smectite



	Bond
	
	C=O
	Si-O-Si
	
	
	C-H
	Si-O
	Si-O-Al
	Al-O-H
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Table 7. Mineralogical and chemical properties of sediment samples [53] with permission from Elsevier, 2000.






Table 7. Mineralogical and chemical properties of sediment samples [53] with permission from Elsevier, 2000.





	Minerals
	Chemical Formulation
	Color
	Characteraistics of Raman Bands (cm−1)





	Quartz
	SiO2
	Colourless
	148, 357, 465, 1300–1600



	Kaolinite
	Al2O3 2SiO2·2H2O
	White
	130, 143, 245, 270, 336, 394, 418, 431, 463, 3651, 3620, 3669



	Hematite
	Fe2O3
	Red
	224, 244, 290, 292, 409, 610, 670, 1300



	Calcite
	CaCO3
	White
	154, 282, 712 1086, 1088



	Halite
	NaCl
	Colourless
	199



	Silicon
	Si
	Blue-Grey Metallic
	480, 520



	Bornite
	Cu5FeS4
	Copper Red, Bronze Brown, Purple
	265, 291, 320, 354, 470, 472
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Table 8. Chemical analysis of sediment samples.






Table 8. Chemical analysis of sediment samples.





	Sediments Sample
	Zn

ppm
	Mg

ppm
	Fe

Ppm
	Cu

ppm
	K

ppm
	Mn

ppm
	Al

ppm
	Si

ppm
	Ti

ppm





	KG(1a)
	54.5468
	429.3818
	6459.293
	12.3342
	1152.639
	126.0628
	3025.748
	0.2338
	0.6332



	KG(1b)
	21.6668
	361.3846
	2291.756
	5.2406
	582.3844
	43.349
	1286.133
	16.842
	1.1428



	Mahanadi
	48.9012
	403.0738
	4259.515
	122.473
	777.1196
	47.5806
	2258.604
	6.5728
	0.859



	KK
	18.6542
	274.9
	1153.634
	4.282
	441.7348
	99.0292
	1008.338
	8.9012
	3.61
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Table 9. Specific Surface Areas (SA) and Cation Exchange Capacities (CEC) of sediments.






Table 9. Specific Surface Areas (SA) and Cation Exchange Capacities (CEC) of sediments.





	
Sediments Sample

	
Particle Size (µm)

	
Clay Mineral and Content (%)

	
Specific Surface Area (m2/g)

	
Cation Exchange Capacities (meq/100 g)




	

	
Kaolinite

	
Smectite

	
Illite

	
Kaolinite

	
Smectite

	
Illite

	

	






	
KG(1a)

	
0.38–0.86

	
0.9–2.4

	
0.03–0.08

	
14.7

	
6.4

	
68.9

	
20.1

	
8.062




	
KG(1b)

	
15.1

	
6.7

	
65.6

	
22.1

	
5.498




	
Mahanadi

	
16.3

	
7.4

	
66.3

	
43.2

	
8.588




	
KK

	
12.8

	
5.9

	
59.2

	
19.0

	
7.228
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Table 10. Elemental analysis of hydrate-bearing sediment samples.






Table 10. Elemental analysis of hydrate-bearing sediment samples.





	Elements (wt. %)
	Krishna-Godavari Basin

Depth—127.5 mbsf
	Krishna-Godavari Basin

Depth—203.2 mbsf
	Mahanadi Basin
	Kerala-Konkan Basin





	O
	60.05
	53.54
	67.11
	67.09



	Na
	1.22
	1.47
	1.61
	0.82



	Mg
	1.32
	1.09
	1.23
	0.62



	Al
	6.89
	8.82
	6.23
	2.03



	Si
	16.31
	23.36
	18.41
	5.74



	S
	1.02
	----
	----
	-----



	Cl
	0.69
	0.90
	0.66
	0.42



	K
	1.73
	3.11
	2.04
	0.61



	Ca
	4.60
	2.55
	----
	21.44



	Au
	2.56
	----
	-----
	----



	Fe
	3.61
	5.17
	2.70
	1.23
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