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Abstract

Methane hydrates (MHs) are considered an alternative energy resource but also a potential source of geo-hazards and climate change. The physical/mechanical properties of gas hydrate-bearing sandy sediments are strongly dependent on the distribution of hydrates within the pore space. The purpose of this study is to investigate morphologies and pore-habits of MHs formed in sandy sediments by means of experiments that probe a wide range of scales, from the pore scale – using Synchrotron X-Ray Computed Tomography (SXRCT) and optical microscopy – to the core scale, through mechanical property measurements. The same synthetic sands are used, in which MHs are generated successively under excess gas and excess water conditions. At the macroscopic (core) scale, MH pore habits are inferred by comparing the measured sonic wave velocities to velocities calculated from rock physics models and further assessed via triaxial compression tests. Furthermore, Magnetic Resonance Imaging is used to investigate the kinetics of MH formation and distribution along the core height. The pore habits and MH morphologies are directly visualized at the pore (grain) scale by SXRCT and, with still better spatial and temporal resolution, by transmission optical microscopy, revealing some more complex morphologies than in the hydrate pore habits commonly admitted.
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1 Introduction
Gas hydrates are solid ice-like compounds of water and guest molecules, which are either gaseous or liquid at ambient conditions. Methane Hydrates (MHs), natural gas hydrates, form naturally under high pressure and low temperature. They are found worldwide, whether in arctic regions or in shallow marine sediments below the sea bottom (Ruppel, 2007).
Geophysical methods, which involve complex 3D seismic inversion using rock physics and geologic models, are commonly used to estimate the global volume of the MHs located in between the sea bottom and the so-called Bottom Simulating Reflectors (BSRs). MH resource estimates rely on two basic parameters: the porosity and the percentage of the pore volume occupied by MHs, called MH saturation. Cage occupancies and hydration numbers are also important parameters for estimating the natural gas content (Boswell & Collett, 2011). These estimates, ranging over several orders of magnitude (3100 Tm3 to 7,650,000 Tm3) (Ruppel, 2007), indicate an enormous potential for MH as a future energy resource. The larger pore size (hundreds of microns) and relatively high permeability of sandy sediments favour the pore-filling habit, in which much of the pore space is occupied by MHs. The high MH saturation in those Methane Hydrate-Bearing Sandy Sediments (MHBSS) is the reason why they are targeted for MH exploration and future methane gas production (Le et al., 2019a).
MH dissociation replaces rigid components with free gas and excess water and causes extraordinary pressure build-ups, which may significantly reduce the geo-mechanical stability of affected sediments. Slope instability and wide-scale gas venting are the two most important geo-hazards associated with MH dissociation. Human activities like drilling and production through Methane Hydrate-Bearing Sediments (MHBS) are considered operational geohazards and cause the same concerns, such as casing collapse, gas leakage outside the conductor casing, and gas blowouts. These geo-hazards provide an additional constraint on exploiting oceanic MHs as a future energy resource (Collett et al., 2014).
In addition, methane is an active greenhouse gas that has a global warming potential twenty times greater than an equivalent weight of carbon dioxide when integrated over 100 years. MHs existing in metastable equilibrium can be affected by changes in pressure and temperature that occur mainly with changes in sea level. An instantaneous release of methane gas from onshore or offshore zones could have great impacts on the atmospheric composition and thus on global climate. MH resources prone to natural destabilization on the short-to-medium terms are surface or very shallow burials. For deeply buried deposits, the gas pathway to the overlying ocean or to the atmosphere requires a transfer through the overlying intervals (Boswell et al., 2011). However, detailed knowledge about how the released methane gas reaches the atmosphere needs to be clarified: this is a key issue in understanding the connections between MHs as an energy resource and also a potential player in future climate scenarios.
Natural MHs in sediments can be identified by several methods but using seismic reflection data is the most popular one (Popenoe et al., 1993). Note that the absence of BSR does not imply that there are no MHs within sediments. Logging methods have been widely used for MH exploration because of their accurate parameter determination for MHBS regardless of their high cost (Dallimore et al., 1999). Drilling to get cores is the most effective method for recovering and identifying natural gas hydrates, but it is usually used together with other methods like seismic methods to constrain where the core is taken. 1H Nuclear Magnetic Resonance (NMR) spectroscopy used to investigate the molecular structures and physical properties of substances, is one of the most important means for studying MH characteristics in natural MHBS (Davidson et al., 1977). The presence of methane hydrates can also be inferred from the chemistry of the aqueous phase surrounding the sediment (e.g. pore-water salinity) following hydrate dissociation (Ruppel and Kessler, 2017). Most of the recovered, i.e., “real” MH samples are obtained during deep coring projects or shallow seabed coring operations, while most of the inferred MH occurrences are from seismic reflection profiles where BSRs have been identified (Collett et al., 2014).
Various studies have been published on the mechanical behaviour of MHBS especially in the scope of methane gas production. Geologic sampling inevitably disturbs natural sediments and the presence of hydrates adds further difficulties to sampling. With new methods like pressure coring, sample disturbances are reduced but still some are not eliminated, such as the loss of effective stress during sampling and shear along the soil-core liner interface (Waite et al., 2009). Therefore, almost all experimental tests, especially those investigating the mechanical behaviour, are conducted in the laboratory using synthetic sandy sediments. Different methods have been proposed and implemented to install MHs in those synthetic sediments, with questions about the particular MH pore habits and morphologies that are generated by the chosen installation process. Until quite recently, the hydrate pore habits or morphologies in the porous space were not observed directly, but inferred from measured mechanical properties such as compressional wave velocities using idealized geometries and simple rock physics models (Choi et al., 2014; Nguyen-Sy et al., 2019).
Reasonable hydrate pore habits, or spatial distributions of the MH within the pore space, have been proposed long ago and first used to predict the elastic properties of MHBSs (Dvorkin et al., 2000). Two pore habits are conventionally expected in MHBSS prepared by the excess gas method, referred to as “cementing grain contacts” and “surrounding and cementing grains”: the MH respectively cements adjacent grains at their contact or covers them with a layer (see the idealized geometries D and C in Fig. 1). In MHBSS prepared by the excess water method, two pore-filling habits are hypothesized: one in which the MH floats in the pore fluid, and the other in which it is part of the load-bearing granular frame (A and B in Fig. 1). Measurements of the elastic properties of MHBSS thus provide indirect indications as to how the MH is distributed within the pore space, but direct visualizations of the MH in the pore space by techniques such as Synchrotron X-Ray Computed Tomography (SXRCT) or optical microscopy are still very scarce.
	[image: thumbnail]	Fig. 1 Preparation of MHBSS. The four conventionally accepted MH pore habits are schematically represented: A – Hydrate floating in the pore fluid; B – Hydrate as part of the load-bearing granular frame; C – Hydrate surrounding and cementing grains; D – Hydrate cementing grain contacts.




This paper gathers and discusses a set of measurements conducted on the same synthetic sandy sediment of both the mechanical properties at the core scale and MH pore habits and morphologies at the grain scale. Those two sets of properties are indeed closely related: the purpose of this work is to arrive at a coherent picture of MHBSS from pore to core scales. Mechanical properties are investigated via a high-pressure triaxial cell (to perform triaxial compression tests) equipped with ultrasonic sensors for measuring compressional velocities (Le et al., 2019b). Hydrate pore habits and morphologies are visualized by SXRCT and high-resolution optical microscopy (Le et al., 2020a, 2021a,b). Furthermore, the kinetics of MH formation as well as the MH distribution at the sample scale are investigated by using Magnetic Resonance Imaging (MRI) (Le et al., 2020b).
With the exception of the very recent XRCT-based triaxial testing apparatus (Wu et al. 2020), whose use is still limited, this investigation is, to the best of the authors’ knowledge, the first of its kind that provides a comprehensive picture of MHBSs over such a large range of spatial and temporal scales.
2 Experimental methods
Fontainebleau silica sand (NE34) was used (Fig. 2). It consists of poor-graded sub-rounded grains having diameters ranging from 100 to 300 microns. Tap water was used in the tests. The standard purity of methane gas used was 99.995%.
	[image: thumbnail]	Fig. 2 Particle size distribution and scanning electron microscope image of sand (modified from Feia et al., 2014).




Figure 1 presents the procedure used to prepare the same MHBSS for the triaxial and MRI experiments in two different MH saturation states: first, excess gas, and then, excess water. This procedure comprises the following steps: (1) Wet sand compaction. Moist sand (having a known moisture content) was compacted by tamping in layers to obtain a void ratio (volume of void divided by volume of sand grains) of 0.63; (2) Consolidation. The specimen was consolidated in drained conditions at a confining pressure of 10 MPa; (3) Methane hydrate formation. The specimen temperature was decreased to 2–5 °C and vacuum was applied to eliminate the pore air. Afterwards, methane gas was injected at 7 MPa during the whole MH formation period. MH formation in these excess-gas conditions was considered complete when the methane gas flow rate became negligible (<0.1 ml/min). This process lasts typically 2–4 days; (4) Water saturation. One end of the specimen was opened to reach the atmospheric pressure during a short period (about 10 s) to let excess methane gas (initially under a pressure of 7 MPa) escape from the sample and then this end was connected to a volume/pressure controller to inject water with a pressure of 7 MPa. This short period (10 s) is long enough to let excess methane gas escape from the specimen (which has hydrate saturation lower than 50%) but short enough to avoid hydrate dissociation, which is confirmed by the measurement of methane gas dissociated at the end of the test. A temperature cycle was finally applied to dissociate and then re-form the MHs in those excess water conditions. It should be noted that, as the specimen was consolidated at 10 MPa in the consolidation step (step 2), the subsequent steps did not induce significant volume change.
Similar pressure (7 MPa) and temperature conditions (3–5 °C) were chosen for the SXRCT experiments. As the sample volume was 3–4 orders of magnitude smaller in the capillaries used for the optical microscopy experiments, ice was first formed by lowering the temperature well below 0 °C then increasing it to similar temperatures as the ones used in the SXRCT experiments.
The mechanical behaviour and pore-scale microstructure of MHBSs were observed at various spatial and temporal scales using the four following devices (Fig. 3). Working conditions corresponding to each device are shown in Table 1.

	
Triaxial cell: A cylindrical specimen (50 mm in diameter and 100 mm in height) is covered with a neoprene membrane. Confining pressure is applied to the specimen through this membrane. The cell is immersed in a temperature-controlled bath. During the test, the confining pressure, axial stress, pore pressure (gas or water inside the pore space), and cell temperature are controlled. The specimen axial and radial strains can be monitored by displacement transducers. Two ultrasonic sensors are installed at the top and bottom ends of the specimen to measure compressional wave velocity. More details can be found in Le et al. (2019b).



	
MRI cell: A cylindrical specimen (38 mm in diameter and 76 mm in height) is covered with a neoprene membrane. Confining pressure is applied to the specimen through this membrane. The signal intensity measured through the nuclear magnetic resonance imaging system is proportional to the number of hydrogen atoms of either the liquid (water) or gas (methane) phase – the latter represents a very small amount of hydrogen atoms compared to those of the liquid water. MHs and ice contributions are negligible due to the very short relaxation time of their hydrogen atoms. More details can be found in Le et al. (2020b).



	
Synchrotron X-ray tomograph (SXRCT): Moist sand is compacted into an aluminium tube (exterior diameter = 6.45 mm; thickness = 0.89 mm). To maintain a low temperature, cooled air is circulated around the aluminium tube. SXRCT scans are performed at the Psiche beamline at the French synchrotron SOLEIL (mean energy: 44 keV). The voxel size is 0.9 μm and the scan time is 12–15 min. More details can be found in Le et al. (2021b).



	
Optical microscope: Wet sand grains are introduced into a quartz capillary tube closed at one end. The tube has a square cross-section (internal section: 500 microns × 500 microns and 100 microns in thickness). The temperature of the capillary tube is controlled by an annular Peltier element. The whole system is placed horizontally on the table of an inverted microscope (Nikon, Ti-Eclipse, ×20 ELWD objective, Hamamatsu Orca 4.0 camera). More details can be found in Le et al. (2021a).




	[image: thumbnail]	Fig. 3 Experimental techniques used.




Table 1 
Working conditions.


3 Results at excess-gas conditions
The results obtained during MH formation in the triaxial cell for samples with different saturation states are shown in Figure 4. Temperature is maintained at 3.6–4.4 °C. Methane gas pressure is increased quickly to 7 MPa within one minute and then kept constant at 7 MPa during the test by volume/pressure controller. Figure 4 shows the specimens volumetric strain (εv) and compressional wave velocity (V
p
) versus elapsed time (t = 0 corresponds to the moment pore pressure reached 7 MPa). Generally, the specimen volume increases (εv < 0) from the beginning to t = 0.04 h and then decreases for several hours before reaching a stabilisation. However, the volumetric strain remains negligible (<0.1%) in spite of a 10% volume increase of MHs compared to liquid water. Besides, compressional water velocity (measured by ultrasonic sensors) increases only slightly from the beginning to t = 0.04 h and then increases quickly for several hours before reaching a stabilisation.
	[image: thumbnail]	Fig. 4 Results obtained in the triaxial cell during MH formation: volumetric strain (a) and compressional wave velocity (b) versus elapsed time. Four different water saturation states Sr (labelled 1, 2, 3 and 4) and different (duplicate) samples (labelled A and B) are considered. The vertical arrow in (b) indicates the induction time when Vp starts to increase.




The compressional wave velocities measured in the stabilisation stage (shown in Fig. 4) are plotted versus MH saturation in Figure 5. In order to assess the MH distribution at the grain scale in sandy sediments (pore habit), an assumption is made on the pore habit and the compressional velocities are calculated as a function of MH saturation (Dvorkin et al. 2000) and compared to the experimental data: (i) MHs are located only at the grain contacts (cementing – grain contacts), labelled D in Figure 1; and (ii) MHs evenly envelop the grains (cementing – mineral coating), labelled C in Figure 1. As expected, for equivalent MH saturations model (i) predicts much stiffer MHBSs than model (ii), see Figure 5. More details about the parameters used can be found in Le et al. (2019b). The experimental data obtained by Le et al. (2019b) have stiffnesses (or compressional velocities) intermediate between those predicted by the two models.
	[image: thumbnail]	Fig. 5 Results obtained by triaxial cell: assessment of hydrate distribution at the grain scale by geophysical model. See the caption of Figure 3 for the meaning of A1–B4. “Contact I” is equivalent to D and “contact II” to C in Figure 2.




The kinetics of hydrate formation can be equally observed via experiments performed with MRI cells. The cell temperature is maintained at 2 °C. Methane gas pressure in the pore is increased quickly to 7 MPa after three minutes and maintained constant at 7 MPa during the test by means of the volume/pressure controller. Figure 6 shows MH saturations versus elapsed time (t = 0 corresponds to the moment pore pressure reaches 7 MPa). It can be observed that MH saturation increases from the beginning with a constant rate (time is plotted in logarithmic scale). The rate changes at t = 1 h and stabilisation is reached after 50 h. It should be noted that the hydrate saturation is estimated from the MRI signal via preliminary calibration tests, it is agrees with the initial water content (used to prepare the specimen) and the gas amount measured during the dissociation phase at the end of the test (Le et al., 2020b).
	[image: thumbnail]	Fig. 6 Results obtained in MRI cell during MH formation: MH saturation versus elapsed time. Only one out of two similar tests is represented.




Figure 7 presents the signal profile along the specimen. Z represents the position from the specimen bottom, while the MRI signal is proportional to the mass of liquid water in the sample. Profiles taken at various times show that the liquid water content decreases with time during MH formation. The most important information that should be noted from these results is that the liquid water content distribution along the specimen (and thus MH distribution) is homogenous during the whole process (Le et al., 2020b). It should be noted that the effect of gravity on water distribution is negligible, even in the beginning, because soil suction corresponding to this hydric state (25% of water saturation) equals 3–5 kPa (Feia et al. 2014), which is much higher than the gravity-induced suction gradient in the specimen (0.76 kPa).
	[image: thumbnail]	Fig. 7 Results obtained in MRI cell during MH formation: signal profiles at various times, starting (t = 0) with a water saturation Sr = 25%. T1 and T2 correspond to tests 1 and 2, which are duplicates.




Moving to a smaller (grain) scale, the SXRCT results show the MH growth process over 10 hours, see Figure 8. The grey level obtained from the SXRCT image is converted to a colour scale (shown at the bottom of the image) without adding any segmentation to avoid any potential error related to the segmentation process. In the beginning, liquid water (yellow zones) can be seen located at the contact between sand grains (red zones). Menisci are clearly identified separating methane gas (blue zones) and liquid water. Note that saline water (3.5% of KI) instead of pure water is used in these tests to improve the contrast. It is well known that saline water (compared to pure water) may alter MH equilibrium curve (lower temperature or higher pressure), MH nucleation and formation kinetics (more difficult to form MH), and MH saturation (smaller MH saturation under the same conditions), but it does not significantly alter the MH morphology, which is the most important information provided by SXRCT. Following the application of temperature/pressure conditions (7 MPa of methane gas pressure and 1–2 °C of temperature), MH protuberances and layers can be observed on the sand grain surfaces. The presence of MHs becomes more and more significant over time (Le et al., 2020a).
	[image: thumbnail]	Fig. 8 Results obtained by SXRCT: hydrate growth at the grain (or pore) scale. Square dimensions: 540 μm × 540 μm.




Observations by optical microscopy (Fig. 9) show that, under excess gas conditions, the hydrate protuberances observed by SXRCT correspond to MH crystals formed on the sand grain surfaces. Optical microscopy reveals morphological features that are apparent but not identifiable in the SXRCT images: MH hydrate spikes or filaments growing into the methane phase from the sand grain surfaces or, more precisely, from the hydrate layers (halos) on these surfaces (Le et al., 2021a). These spikes are too thin (a few microns in diameter) to be distinguished by SXRCT.
	[image: thumbnail]	Fig. 9 Results obtained by optical microscopy: hydrate crystals (a) and hydrate spikes or filaments (b) observed on sand grain surface.




Figure 10 shows optical microscopy observations showing MH growth on a planar glass substrate. These results evidence the development of a hydrate layer on the substrate and also that of MH spikes (Le et al., 2021a).
	[image: thumbnail]	Fig. 10 Results obtained by optical observation: MH layer propagation on a planar (glass) surface: (a) t = 0 s; (b) t = 1.3 s; (c) t = 2.2 s; (d) t = 18 s.




4 Results at excess-water conditions
Figure 11 presents the compressional wave velocities measured for various hydrate saturation in the triaxial cell. In order to assess the MH pore habits in excess-water conditions, the four models proposed by Dvorkin et al. (2000) and depicted in Figure 11 are considered: in addition to the two cementing models presented above, a model considering MHs as a fluid component (pore-filling) and another considering MHs as sediment frame components (load-bearing) are used. The experimental results agree with the “load-bearing” and “pore filling” models. These results suggest that the presence of water modifies the MH pore habits; MHs located at the grain contacts or/and around grain surfaces (cementing) are progressively converted or/and redistributed into the sediment pore space. Following the temperature cycle, the experimental data correspond to the pore-filling model. In fact, the heating/cooling cycle allows completing the conversion of MH pore habits into non-cementing type, as manifested by the lower stiffnesses observed with temperature cycles (Fig. 11).
	[image: thumbnail]	Fig. 11 Results obtained by triaxial cell: assessment of MH distribution by geophysical model. See the caption of Figure 4 for the meaning of A1-B4.




Results obtained from triaxial compression tests are shown in Figure 12 where the deviator stress (axial stress minus radial stress) and volumetric strain are plotted versus axial strain. The results are then used to perform Rowe’s stress dilatancy analysis (Pinkert, 2016) in order to assess the cohesion between sand grains. The results (shown in Fig. 13) suggest that the cohesion is close to zero for all these specimens.
	[image: thumbnail]	Fig. 12 Results obtained by triaxial cell: mechanical behaviour under triaxial compression. See the caption of Figure 4 for the meaning of A1–B4.




	[image: thumbnail]	Fig. 13 Results obtained by triaxial cell: assessment of hydrate distribution at pore scale via Rowe’s stress-dilatancy analysis. See the caption of Figure 4 for the meaning of A1–B4. φcs is the critical state friction angle.




The expectation related to hydrate distribution at the grain scale obtained from triaxial compression tests (i.e. in excess-water conditions, hydrates exist as particles in the pore space, there is no cementation between the grains) can be confirmed by the SXRCT observations shown in Figure 14. Actually, in the excess-water zone, hydrate particles can be found floating in the pore space between sand grains.
	[image: thumbnail]	Fig. 14 Results obtained by SXRCT: MHs in excess-water conditions.




5 Discussion
In this section, the above results obtained from different techniques are gathered with existing results from the literature to discuss some features of gas hydrates in sand sediments.
5.1 MH nucleation in excess-gas conditions
Gas hydrate formation in bulk water is different from that in sediment matrix due to interactions between the sediment and pore fluid (Abbasi et al., 2022; Everett, 1961). The presence of particles/sediments promotes heterogeneous hydrate nucleation and therefore shortens the induction time (Heeschen et al., 2016). Note that the induction time is the time taken for crystal nuclei to be formed until their occurrence, it is detected via e.g. temperature rise (endothermic nature of gas hydrate formation) and/or pressure decrease (gas consumption for gas hydrate formation in a closed system). Increasing the driving force for gas hydrate formation (by applying higher pressure and/or lower temperature) indeed reduces the induction time (Metaxas et al., 2019).
Bagherzadeh et al. (2011) used the MRI technique to investigate the formation of MHs in an unconsolidated bed of silica sand and found that MH formation was not uniform and the nucleation of hydrate crystals occurred at different times and different positions inside the sample. In the present work, the induction time in triaxial tests can be defined as the duration before VP starts to increase (see Fig. 4b). The observed induction time, approximately 0.3 h, is almost independent of the initial water saturation. This agrees with the results of Chong et al. (2016) who found an induction time of 0.1–0.8 h for fine sand (0.1–0.5 mm) initially containing a water saturation of 75% at (8 MPa, 4 °C). In the MRI tests of the present work (at 7 MPa, 2 °C), MH saturation is observed to increase as soon as the MH equilibrium conditions are reached (at 25% of initial water saturation, shown in Fig. 6).
5.2 MH growth in excess-gas conditions
The gas hydrate growth rate following nucleation increases with subcooling, i.e., the distance to equilibrium conditions (Metaxas et al., 2019; Turner et al., 2005). Furthermore, the observations by Bagherzadeh et al. (2011) point to a faster MH formation in samples with lower initial water saturation. In this study, MH spikes are observed to grow into the gas phase from grain surfaces and/or methane gas/water interfaces and to become thicker over time (Figs. 8 and 9). MH spike formed under excess-water conditions have been observed by Lei et al. (2019), who hypothesized that it is similar to ice spike formation (of the hollow MH tubes serving as water conduits for further MH growth into methane gas space). In the study presented here, the MH spikes or filaments are shown to extend in the gas phase from the hydrate films (halos) on grain surfaces or methane gas/water interfaces. Evidence for their hollowness serving as conduits for the water phase is gained from optical microscopy observations: when their extremity in the gas phase encounters a grain surface, then a hydrate halo spreads around the hitting point (Le et al., 2021a). The SXRCT experiments indicate that some of these MH spikes or filaments become crystal-like.
Thanks to the high attenuation coefficient ratio between Xenon hydrate and water, a thin water film between Xenon hydrate and sand surface has been observed by Chaouachi et al. (2015) by using SXRCT. Lei et al. (2019) observed methane hydrates growing on sand surfaces in both excess-gas and excess-saline-water experiments and suggested that water migration driven via water film between sand grain and MHs facilitates MH growth over sand grains near the original water menisci. Furthermore, MH morphologies evolved after the initial MH formation mainly via diffusion. In the present study, the high temporal resolution of SXRCT allowed the observation of liquid, water moving from grain contacts to form MHs at nearby sand grain surfaces. However, due to the voxel size and scan time limit of SXRCT scans in this study (0.9 microns and a dozen minutes), the presence of water or hydrate films (halos) over the sand substrate could not be confirmed. Those films are however visible by optical microscopy, which also reveals the nature and growth mechanisms of the protuberances apparent in SXRCT scans (Fig. 8).
The mechanism of MH layer formation at grain surfaces can be analysed via optical microscopy. Figure 10 shows the propagation of MH layers on the quartz capillary wall during MH reformation. Halos (MH layers) propagate quickly over quartz under the gas phase, jump over the water droplets they encounter and leave behind an MH crust over those water droplets. Similar phenomena have been observed for cyclopentane hydrates by Martinez de Banos et al. (2016). A thin liquid water film is sandwiched between the quarzitic surface and the MH crust, which incorporates the small water droplets present and allows for further MH growth on the solid surface (substrate), a phenomenon analogue to cryogenic suction in frozen soils.
MH growth is affected by macro-scale properties (such as the initial water saturation) and micro-scale properties (the initial water distribution in the pore space) (Zhang et al., 2019). By using first water-saturated sand and then injecting methane gas to displace free water in order to obtain a desired initial water saturation for the MH formation, MHs are observed to be formed heterogeneously in the sample even at low initial water saturation by using MRI (Wang et al., 2018; Zhang et al., 2019) as the initial water distribution was not homogeneous. Homogeneous MRI profiles obtained in the present work during the MH formation following the excess-gas method (Fig. 7) show a homogeneous MH distribution at the sample scale (initial water saturation: 25%). This agrees with the results by Bagherzadeh et al. (2011), who used the same preparation procedure (dry sand mixed with the desired water quantity before compaction, initial water saturation of 25%). However, MHs were found distributed heterogeneously for the samples with high initial water saturation (Bagherzadeh et al., 2011). It should be noted that the samples for triaxial tests were prepared with an initial water saturation in a range of 25–50%. It is then supposed that MHs are distributed homogeneously in these samples.
5.3 MH morphologies and pore habits in excess-gas conditions
The injection of methane gas at a pressure of 7 MPa and a temperature of 3–4 °C induce the transformation of water into MHs (triaxial tests). The results show that this MH formation under excess-gas condition increases Vp (see Fig. 4b), and this increase reaches the stabilization state at the end of the MH formation. Almost the entire quantity of available water is transformed into MHs and the distribution of MHs is similar to that of water prior to their creation. Comparison between the experimental data and Dvorkin’s model (Dvorkin et al., 2000) shown in Figure 5 suggests that at a low initial water saturation, MHs are mainly distributed at grain surfaces (cementing – mineral coating), while at a high initial water saturation, the role of MHs at grain contacts is dominant (cementing – grain contacts). These macroscopic results agree with that of Waite et al. (2004) by using similar approaches (velocity measurements and Dvorkin’s model).
Within the spatial resolution of sub-micron voxel size of SXRCT images in this study, MH morphologies and pore habits are observed directly without the need of segmentation. This is complemented by observations via optical microscopy, which provide further details as to the layer or halos present on the sand grains. This allows to discuss the four types of MH pore habits, proposed by Dvorkin et al. (2000): cementing (grain-grain contacts or mineral coating), load-bearing and pore-filling, usually used for predictions of physical/mechanical behaviours of methane hydrate-bearing sandy sediments (Pinkert and Grozic, 2014; Sanchez et al., 2017; Uchida et al., 2012; Waite et al., 2009). It is usually assumed that MHs formed under excess-gas conditions in sandy sediments (following the excess-gas or ice-seeding method) have the shape of pendular water menisci (at grain-grain contacts) or thin uniform methane hydrate layers coating sand surfaces (cementing – mineral coating) (Priest et al., 2005; Waite et al., 2004). The present study and that of Lei et al. (2019) showed irregular shapes over sand surfaces, different from the idealised one proposed by Dvorkin et al. (2000). Not only MHs pore habits but also MHs morphologies in sandy sediments (which can only be observed at high spatial resolution) are important for determining the physical/mechanical behaviours of MHBSS. At similar MH saturation, different MH morphologies (spikes, “crystals” or layers) at sand grain surfaces (cementing – mineral coating) or at contacts of grains (cementing – grain contacts) can play different roles in the mechanical behaviour of MHBS. We hypothesise here an intermediary model of MHs at the grain scale with complex geometry of MHs that could eventually be porous.
5.4 MH morphologies and pore habits in excess-water conditions
After the formation of MHs under excess-gas conditions, the subsequent water saturation phase significantly decreased Vp during triaxial tests (Figs. 5 and 11). Ebinuma et al. (2008) observed a similar decrease in sonic velocities when saturating the gas-saturated MHBSS with water. These results suggest that water saturation modifies the MHs distribution at the grain scale (Ebinuma et al., 2008; Kneafsey, 2011). MHs located at grain contacts and/or at grain surfaces are progressively converted or/and redistributed into the pore space (Choi et al., 2014).
To mimic natural MHBSS, the dissolved gas method is considered as the best method but it is time-consuming especially at high MH saturation due to the low solubility of methane gas in water (Spangenberg et al., 2005). The water-excess method, proposed by Priest et al. (2009), is likely to create load-bearing MHs in sandy sediments at MH saturation lower than 40% according to sonic wave velocity measurements. However, MHs are observed to be formed heterogeneously inside their sample via XRCT (Kneafsey, 2011). Kerkar et al. (2014) confirmed patchy MHs distribution and heterogeneous MH accumulation with XRCT at higher image spatial resolution. In the work of Lei et al. (2019), the effect of water injection on the conversion/redistribution of MHs was confirmed by XRCT scans at high image spatial resolution. Furthermore, the data showed round MHs particles under excess-water conditions. In the present study, MHs are initially formed following the excess-gas method. However, after multiple water migrations, MHs in both excess-gas and excess-water media exist in the sample. MHs in excess-gas media are in cementing forms (mineral coating and/or grain contacts) while round MHs particles mixed with saline water in the pore space under excess-water conditions (Fig. 14). This confirms the pore-filling/load-bearing distribution of MHs in excess-water media (round MH particles floating in saline water in the pore space of porous media). It is supposed that MH distribution at the grain scale of MHBSS after the water saturation at low MHs saturation and after the temperature cycle of triaxial tests is similar to what observed with SXRCT (i.e. round MH particles floating in water).
6 Conclusions
MH formation under both excess-gas and excess-water conditions and the effects of formed MHs on the mechanical properties of MHBSS were discussed based on measurements at the macroscopic scale and observations of MH distribution via MRI and SXRCT. It can be seen that:
	
MH formation following the excess-gas method can be divided into three steps (MH nucleation, growth and stabilization). MH nucleation in porous media is almost spontaneous as the presence of sediments increases methane gas/water interfaces. MH growth is considered as a stochastic process and depends on driving force for the MH formation. At macroscopic scale, MH saturation seems to increase linearly with the logarithm of time (triaxial and MRI tests) while at microscopic scale, many interesting phenomena have been observed by using SXRCT combined with optical microscopy. At the pore scale, thin water layers at grain surfaces contribute to the formation of MHs in form of spikes which could be prolonged, clogged and become finally crystal-like as long as water is provided. Different MH morphologies and pore habits could co-exist in MHBSS formed following the excess-gas method. MH morphologies and distribution at the grain scale under excess-gas conditions seem to be more complex than described by the both cementing models (mineral coating and grain contacts);



	
Water saturation converts (and/or redistributes) MHs in cementing form (grain contacts and/or mineral coating) to the pore space and the temperature cycle allowed for the completion of this conversion (and/or redistribution) for high MH saturation samples. The MH morphologies and distribution at the grain scale of formed MHBSS are supposed to be similar to that of natural MHBSS (pore-filling/load-bearing habits).
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	Temperature: 2 °C
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