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Abstract

As pore-scale morphologies and spatial distribution (pore habits) of natural gas
hydrates in marine sediments considerably affect their physical/mechanical
properties, they have extensively been investigated by X-ray computed tomography
(XRCT) and especially synchrotron X-Ray computed tomography (SXRCT). While
both image spatial and scan temporal resolutions are being improved over time, it is
still challenging to distinguish water from methane hydrate in an image due to their
low absorption contrast. In this study, methane hydrate formation and growth in wet
sand were observed at submicron/micron scale using SXRCT. Saline water
(Potassium iodide - KI) was used in order to improve the image contrast. Evolutions
of methane hydrate morphologies and distribution at both the pore and sample
scales were observed. Results are discussed based on various mechanisms related
to material behaviors and experimental conditions, e.g. suction variation during
methane hydrate formation, local temperature gradient in the sample, and particularly
the interaction of X-rays with the sample. Methane hydrate formation is interpreted as

a dynamic process, favoring the Ostwald ripening. Furthermore, morphologies and



pore habits of methane hydrates under excess-gas and excess-water conditions are
discussed. Some recommendations are finally given for further studies on methane

hydrates-bearing sediments via XRCT or SXRCT.

Keywords: methane hydrate; sandy sediments; morphology; pore habits;

synchrotron X-ray computed tomography.

1. Introduction

Natural gas hydrates (mainly methane hydrates - MH), ice-like compounds of
methane gas and water, are most often located in marine and permafrost settings
(Collett et al., 2009). They represent a great potential energy resource but also a
source of greenhouse gas and geo-hazards (Boswell and Collett, 2011). Different MH
appearances, e.g. nodules/chunks, lenses/veins have been identified in fine-grained
sediments (Dai et al., 2012; Lei and Santamarina, 2018). Yet, for sandy sediments,
MH were found in non-displacive pore habit and at high hydrate saturation, i.e. with a
so-called “pore-filling” distribution as defined later (Masui et al., 2008; Dai et al.,
2012; Konno et al., 2015). Because of technical feasibility limits, only methane
hydrate-bearing sands (MHBS) are the actual target for potential methane gas
exploration (Collett et al., 2009; Boswell and Collett, 2011; Le et al.,, 2018). The
formation of MH in sandy sediments modifies the microstructure and as a result the
physical/mechanical properties of MHBS. Therefore, the study of the microstructure
of MHBS is essential for the interpretations of geophysical data and reservoir-scale

simulations in the scope of methane gas production (Gabitto and Tsouris, 2010).

While recent technical developments permit to extract intact methane hydrate-

bearing cores from natural settings, preserving their in situ pressure-temperature



conditions, and to efficiently extrude such samples into triaxial cells for mechanical
characterization (Priest et al., 2015; Yamamoto, 2015; Yoneda et al., 2015 & 2017),
these procedures are still highly challenging and improvements are still needed to
increase the proportion of successful sample extractions. That explains why most of
the existing experimental works focus on synthetic samples produced in the
laboratory. Various methods have been proposed to form methane hydrates in sandy
sediments in the laboratory. Comparisons between seismic velocities measured on
real samples and those calculated via conceptual models have been used to
indirectly assess the MH pore habits in sandy sediments (Dvorkin & Nur, 1996&1998;
Helgerud et al., 1999; Dvorkin et al., 2000). Four idealized arrangements of MH at the
pore scale in sediment, referred to as “pore habits”, have been considered: “grain-
grain contact cementing”, “mineral coating cementing”, “load-bearing” and “pore-
filling” (Dvorkin et al., 2000). MH were supposed to be located at the contacts of sand
grains (grain-grain contact cementing) when the excess-gas or the ice-seeding
methods are used to produce them (Waite et al., 2004; Priest et al., 2005). Load-
bearing MH were inferred in sandy sediments when the excess-water method was
adopted (Priest et al., 2009). Finally, MH initially formed following the excess-gas
method (with grain-grain contact cementing morphology), were supposed to be
redistributed within the pore space between sand grains (i.e. “pore-filling”
morphology) when excess methane gas was replaced by water. This method is
referred to as “water saturation”, and can be done with or without an additional

temperature cycle (Choi et al., 2014, Le et al., 2019).

As MH morphologies and pore habits considerably affect physical/mechanical

behaviors of MHBS (Waite et al., 2009; Lei et al., 2019a), their direct observation at



pore scale is of major importance. X-ray computed tomography (XRCT) has been
used in several studies to investigate the microstructure of gas hydrate-bearing
sediments, mostly under excess-gas conditions. The spatial resolution of image has
been well improved over time (Yang et al., 2015; Zhao et al., 2015; Lei et al., 2019a).
In addition, hydrate growth and pore habits in sediments at the pore scale were
followed by 4D time—lapse imaging thanks to the higher temporal resolution of
synchrotron X-Ray computed tomography (SXRCT) (Chaouachi et al.,, 2014; P.
Kerkar et al., 2009; P. B. Kerkar et al., 2014). However, the contrast between water
and methane hydrate in a XRCT image is rather poor so that it is challenging to
distinguish both phases. Indeed the grey level in an XRTC image reflects the material
X-ray attenuation difference and mainly depends on the material density and atomic
number. That is why other types of gas or saline water solutions have been used in
most studies to enhance the XRCT/ SXRCT image contrast (Kerkar et al., 2009;
Kerkar et al., 2014; Chaouachi et al., 2014; Sahoo et al., 2018). To this respect, it
should be noted that the methane hydrate formation phase boundary is shifted
depending on the concentration of salt in the water (Sloan, 2008) and that salt
exclusion during the hydrate formation results in a salt concentration increase in the
remaining water (Chen et al., 2020). Furthermore, morphologies of gas hydrates

depend on the type of gas used.

Chen et al. (2018), observed via XRCT Ostwald ripening-type changes of the spatial
distribution in the pores space of sediments of Xenon hydrate formed following the
excess-gas method, at both the pore and sample scales. Lei et al. (2019b) observed
similar water migration during the formation of carbon dioxide hydrate in sediments.

However, their image spatial resolution was low, with a voxel size larger than 10 pum.



Discontinuous water migrations during MH formation in wet sand with saline solution
(10 wt% of Sodium Bromide - NaBr) were observed by Nikitin et al. (2019) who used
SXRCT imaging at higher image spatial resolution (voxel size was about 2 pm) and

higher temporal resolution.

In order to mimic natural MHBS in saline water saturated media, Kerkar et al. (2014)
formed MH in saline water saturated media (5 wt% of BaCl,) following the excess-
water method. Patchy methane hydrate distributions and heterogeneous hydrate
accumulations were observed via SXRCT. However, the image interpretation was
based on standard filtering and segmentation methods to compensate for low image
resolution (voxel size = 7.5 um), making direct observations of MH morphologies and
pore habits delicate. Recently, methane hydrate morphologies and pore habits in
sandy sediments, initially under excess-gas conditions and then subjected to saline
water injection, or directly under excess-water conditions, were investigated at high
image spatial resolution (about 2 um) by Lei et al. (2019a). An XRCT technique
developed by Lei et al. (2018), taking advantage of both X-Ray attenuation and
phase contrasts, was used to improve image contrast. However, due to the low
temporal resolution of XRCT, the kinetics of methane hydrate formation could not be

fully observed.

In the present study, the progressive formation and the evolution of methane
hydrates under excess gas conditions were observed by using time resolved SXRCT
imaging with submicron/micron voxel size. MH morphologies and pore habits,

together with water migrations, at both pore and sample scales, were investigated.



Saline water (Potassium iodide - Kl) was used. Experimental conditions are detailed
in section 3, while section 4 summarizes main observations. Morphologies and pore
habits of MHs under excess-gas conditions and under saline water conditions are
discussed in section 5, where some recommendations are also formulated for further

studies on MH via XRCT/SXRCT imaging.

2. Experimental method
2.1. Materials
The sediment used in this study was Fontainebleau silica sand (NE34), which
consists of poor-graded sub-rounded quartz grains whose diameter ranges from 100
to 300 micrometers. Saline solution (3.5 % of Kl by weight) and methane gas with

standard purity of 99.995 % were used.
2.2. Experimental setup and imaging conditions

Figure 1 provides a sketch of the experimental setup used in this study, while figure 2
shows a picture of it. Wet sand was manually compacted into an aluminum tube with
an outside diameter of 6.45 mm, a thickness of 0.89 mm and a total length of about
200 mm. The sample temperature was controlled by cooled air circulated at a
constant flow rate through a Poly-methyl-methacrylate (PMMA) tube, with an outside
diameter of 23 mm and a thickness of 2 mm, from its top to its bottom. Note that the
PMMA tube was fixed during CT scan and that the aluminum tube freely rotated
inside it. The air temperature at the air inlet and outlet was measured with two
thermocouples inserted into the PMMA tube. It should be noted that a preliminary
experiment, with additional thermocouples in the wet sand inside the aluminum tube
and on the latter, showed an identical temperature at the same height in the PMMA

tube, the aluminum tube and in the sand at the center of the aluminum tube. As for



the gas pressure control, a small methane gas bottle (internal volume of 40 mL)
associated with a pressure reducer was connected to the gas inlet at the lower end of
the aluminum tube. This ensured a constant methane gas pressure of 7 MPa (0.1

MPa) in the sample during the MH formation and the SXRCT scans.

SXRCT scans were performed at the PSICHE beamline of the French Synchrotron
SOLEIL. A pink X-ray beam with a mean energy of 44 keV was used. X-rays were
converted into visible photons by means of a 50um thick LuAg scintillator crystal,
which was observed with a Hamamatsu ORCA camera equipped with a 2048x2048
pixels CCD sensor, with a pixel size of 6.5um, through an optical microscope based
on a objective lens from Mitutoyo. Two types of scans were performed as shown in
Figure 1. The high-resolution scans were focused on two central zones (Z0_HR,
Z1 HR), marked with a green line. They were 1.75 mm in height and 1.75 mm in
diameter and had a voxel size of 0.9 um. The 180° scan duration was 12 minutes
(0.2 hour). The low-resolution scans, marked with a blue line were 3.47 mm in
diameter and 1.75 mm in height. They were performed to investigate MH distribution
all along the sample height. Their voxel size was 1.8 um and the scan duration was
15 minutes (0.25 hour). Note that the same objective lens was used for both scans.
In the low-resolution scans pixels of the camera were 2x2 binned but scans were
performed over 360 degrees to virtually double the 1024x1024 image resolution of
the binned sensor along the horizontal direction. The PyHst software

(https://software.pan-data.eu/software/74/pyhst2) was used to reconstruct the 3D

images. The Paganin’s filter option was activated and its parameters were optimized
to limit the phase contrast at the interfaces so that gray levels within each phase in

the image remained almost homogeneous. Therefore, contrast in the obtained


https://software.pan-data.eu/software/74/pyhst2

SXRCT images depended mainly on the difference of X-ray material attenuation. The
brightness of the different phases in the images reflects the material density, with the
following order ranging from brighter to darker: sand > saline water > methane

hydrate > methane gas.

2.3. Test procedure

Wet sand was manually compacted into the aluminum tube. The average porosity
was about 0.40. The initial moisture content and the average water degree of
saturation were evaluated to about 15% and 60%, respectively. After the installation
of the system (Figure 1) onto the rotation table of the beamline, residual air was
removed from the aluminum tube by using a vacuum pump prior to the application of
methane gas at a pressure of 7 MPa. Afterward, MH were formed by circulating
cooled air to reduce the temperature inside the PMMA tube from room temperature
down to 1-2 °C. The first CT scan was performed when the temperature measured by
the first thermocouple (shown in Figure 1) reached the target temperature T = 2 °C.
The temperature measured by the second thermocouple was then 4 °C. The distance
between the two sensors being about 150 mm, the average temperature gradient
along the tube was thus 0.013 °C/mm. Figure 3 shows the type and position of the
scans performed to follow the MH formation as a function of time, with t = 0
corresponding to the moment when the temperature of the cell reached the target
value. During the first 17 hours, high-resolution scans were performed continuously
and alternatively at the positions Z0_HR and Z1_HR. That allowed us to follow the
growth of MH at grain scale in these zones. Afterwards, low-resolution scans at
various positions (from Z-7 to Z9) were performed in order to investigate the MH

distribution at sample scale.



3. Results

The vertical cross-section through the 3D image of zone Z0_HR recorded at the
beginning of the test shown in Figure 4a and Figure 5a shows that water was located
at contacts between sand grains because of capillary suction. Menisci at the
interfaces between the liquid phase (water, intermediate grey level in figure 5 and
yellow/green color in figure 5) and the gas phase (methane gas, dark grey in figure 4
or blue color in figure 5) can be easily identified. At t=0.58 h after the application of
methane hydrate formation conditions (Figure 4b), methane hydrates were already
formed and took the form of small needle-shaped MH crystals, called “filaments” in
the following, located at the surface of grains or at the interface between water and
gas (Figure 4b). The volume of liquid at the grain contacts was reduced compared to
that shown in Figure 4a (vertical cross section are taken at the same position in the
3D image). This can be explained by the formation of methane hydrates in this zone
but also in other zones (outside of the observed zone) which absorbed water. Note
that no MH layer (which may have been already formed at grain surfaces and at
water/ gas interfaces) could not be clearly evidenced, probably because of both their
thin thickness and the partial volume effect of CT images. In these 2D cross-sections,
some MH seem to be suspended in pore space but in reality they are all connected to
either water/gas interfaces or grain surfaces, as evidenced when one browses the full
3D image. Unfortunately, no additional scan has been conducted between t =0 and t
= 0.58h to investigate the very beginning of MH formation. Figures 4c and 4d show
MH morphologies and pore habits in zone Z0_HR att =4 and 4.5 h, respectively. MH
filaments became bigger and thicker over time at grain surfaces and gas/water

interfaces. Coarser nodular MH crystals with similarly increasing size can also be



observed. Furthermore, two different grey levels can clearly be observed in the
water/hydrate areas: darker areas correspond to hydrates (or hydrate rich zones)
while the brighter ones correspond to saline water, whose brightness indeed
increases due to ion exclusion during MH growth (Chen et al., 2020). These areas
appear respectively in light blue and yellow/orange colors in the false color
representation in figure 5b. Hydrates seem to be preferentially located in the outer

areas, at the interface between gas and water.

Images of the same vertical cross-section through zone Z1 HR att = 3.8, 4.3, 8 and
12.4 h are shown in Figure 6. At t = 3.8 h (Figure 6a), MH nodular crystals/filaments
and layers can be observed at grain surfaces and at gas/water interfaces. However, it
seems that the MH saturation (volume of MH divided by the volume of void) was
significantly lower than the average initial water saturation (i.e. 60 %). At t = 4.3 h,
water and MH hydrates invaded the pore space on the top of the image while MH in
the other zones were barely changed (Figure 6b and Figure 7a). At t = 8 h (Figure
6¢), on the top of the image, additional MH were formed inside the pore space filled
with water, corresponding to a pore-filling habit. Actually, the gray level of these
zones changed from a bright level (corresponding to water) to a darker gray level
(corresponding to MH). In the other zones of the image where pore spaces were filled
with methane gas, MH continued to grow with respect to the image obtained at t =
4.3 h (Figure 6b). Additional grow of MH in both highly or moderately saturated pore
spaces in zone Z1_HR were observed from 8 to 12.4 hours (see Figures 6¢, 6d and

Figure 7b).

From 8 hours, the lower part of zone Z1_HR which is shared with zone Z0_HR (red

boxes in Figures 6¢ and 6d) was perturbated by some intense ring artefacts (which



indeed appear as rings in transverse cross-sections). Indeed, the PMMA tube which
does not rotate during the scans is continuously irradiated at the same position for a
given vertical position of the sample, with some overlap for scans of zones Z0 and
Z1. More precisely, Figure 8 shows the images over the zone Z0_HR at subsequent
timest=12.2, 13.4 and 16.3 h. Att = 12.2 h (Figure 8a), large MH can be observed
but now the whole image was influenced by such ring artefacts. We checked the
PMMA tube and noted that the zone crossed by the X-ray beam, of square shape
delimited by adjusted slits, was strongly damaged throughout the whole thickness of
the tube: the initially transparent PMMA became a heterogeneous porous material.
As stated above, in the used experimental setup, the PMMA tube was fixed during
the scans, with the aluminum tube rotating inside it. As a consequence, the same
PMMA zone has been continuously irradiated during all previous scans at the same
height and the accumulated irradiation would have caused such damage, even more
intensively in the overlapping areas. The PMMA tube was then manually rotated so
that the X-ray beam no longer passed through the damaged zone to avoid such
intense ring artefacts during the subsequent scans. The image obtained at t = 13.6 h
(Figure 8b) shows no more such ring artefacts. However, the proportions of MH and
water were well reduced compared to time t = 12.2 h. This trend was confirmed by
the image obtained at t = 16.3 h (Figure 8c) where MH can no longer be observed in
this zone. Only a small quantity of water remained at grain contacts. The comparison
with Figure 4 shows that there were no large relative motions of the grains. However
some small relative motions can be qualitatively observed when images are
compared in details, showing that MH formation and dissolution may induce grain
motion. A quantitative analysis of the latter, for instance with adapted discrete digital

volume correlation techniques, is left for further investigations. For the purpose of the



qualitative discussion of the present study, such motions will be neglected. It should
however be noted that such small motions make it difficult to quantify MH saturation

by simple image subtraction techniques.

The results obtained in zone Z1_HR att = 13.6 and 16.5 h are shown in Figure 9.
The ring artefacts observed at t = 12.4 h (Figure 6d) were no longer observed at t =
13.6 h (Figure 9a). Furthermore, the quantity of MH and water seems to decrease at
the bottom similarly to what was observed in zone Z0_HR (Figure 8). This reduction
trend is confirmed by the image obtained at t = 16.5 h where MH could no longer be
observed in the lower half part of the image (Figure 9b). Moreover, as in zone Z0_HR
shown in Figure 8c, only a small quantity of water was found at grain contacts in this
area. These observations in both ZRO_HR and ZR1 HR zones suggest that MH
under local excess-water conditions as in the top part of the images were more stable

than MHs under local excess-gas conditions as in the lower part of the image.

For a better understanding of the observed results, which suggests a strong
macroscopic heterogeneity of MH volume fraction in the sample, scans at a lower
resolution (voxel size: 1.8 um) were used to enlarge the horizontal size of the
investigated area of a single scan. The larger scanned zone was then 1.75 mm in
height (limited by sensor size and X-ray beam height) and 3.47 mm in diameter for
each scan. Furthermore, several scans were superposed to explore the sample along
its length. But due to the limited beamline time, the pitch between subsequent scans
was double their height (i.e. scans at intermediate heights were skipped), as shown
in Figure 1. These scans were performed along the sample over a distance of 290

mm in total, with zones labelled from Z-7 to Z9 (see Figure 1 and Figure 3).



Figure 10 shows the images obtained in zones Z-1 (t = 19.2 h), Z0 (t = 21.5 h), Z1 (t
=19.5 h). The observation of the common zone of the three scans show that MH and
water distributions did not change significantly during these scans. For this reason,
the images were merged into a bigger image of 3.47 mm in width and 5.15 mm in
height. The red box corresponds to the zones Z0_HR and Z1_HR scanned at high
resolution previously. It is obvious that in the central zone (i.e. the top of zone Z-
1 HR, the whole zone Z0_HR and the bottom of zone Z1_ HR), no hydrates were
present and the quantity of water was really small. Both MH and water in much larger
amount were found in the periphery zones. Furthermore, it seems that the top of
zone Z1 and the bottom of zone Z-1 have similar pore space distribution, with MH
mixed with saline water together with some gas pockets. However, the quantity of
MH was larger at the top of zone Z1 compared to that at the bottom of zone Z-1
which contained more water (Figure 10 and Figure 11a,c). Note that a slight ring
artefact was found in the center of the images, as commonly observed in XRCT

images.

Figure 12 shows vertical cross-section through images recorded at positions Z-3, Z-5
and Z-7, with details provided in Figure 13 in false colors. In some areas in these
images, the granular medium was still under local gas-saturated conditions. MH were
found in form of nodular crystals and layers around sand grains and at water/gas
interfaces. On the other hand, in some local areas saturated with water (mostly in

zones Z-3 and Z-5), some round MH particles were found.



Images of zones Z3, Z5, Z7 and Z9 are shown in Figure 14 and Figure 15. It shows
that methane gas, methane hydrates and saline water were mixed in the pore space

of all these zones.

Figure 16 presents some examples of images showing various MH morphologies and
pore habits. Their corresponding gray level histograms are shown in Figure 17, with a
maximum count of grey level (corresponding to sand grains) of each image
normalized to 1. Gray level ranges for the four phases in Figure 17 overlap as a
combined consequence of partial volume effect and image noise. Both the images
and their corresponding gray level histograms confirm that MH were in local gas-
saturated conditions in Figure 16a, under local excess saline water conditions with
some methane gas bubbles in Figure 16b and in local excess water-saturated
conditions in Figure 16c. MH were found in angular nodular crystal or layer forms
around sand grains and at water/ gas interfaces in local gas-saturated zones in figure
16a while they mainly took the form of round particles mixed in saline water in
excess-water zones in Figure 16a, Figure 16b and in the whole Figure 16c. It seems
that round MH particles of 20-30 um were found mixed heterogeneously with saline

water to create local saline water-saturated zones (pore-filling/load-bearing habit).

4. Discussions

These aforementioned results show multiple water migration mechanisms at the
grain scale during MH formation in sandy sediment following the excess-gas method.
That results in heterogeneous MH distributions at both pore and sample scales. Note

that the excess-gas method is a common method used to create synthetic MHBS in



laboratory for both macroscopic characterizations (Miyazaki et al., 2011a & b; Hyodo
et al., 2013; Le et al., 2019; Le et al., 2020) and pore-scale observations by means of

XRCT or SXRCT (Chaouachi et al., 2014, Lei et al., 2019a).

Water and/or gas hydrate movement during gas hydrate formation were observed by
XRCT/SXRCT (Chen et al., 2018; Lei et al., 2019a&b; Nikitin et al., 2019). Chen et al.
(2018) observed a hydrate coarsening over some ten days which was explained by
the reduction of the specific interfacial surfaces (Ostwald ripening). XRCT
experiments were performed with Xenon hydrates while methane hydrate growth on
water droplets was observed with optical microscopy. However, no water migration
was observed. In the work of Lei et al. (2019b), fast water migration was found after
MH nucleation, became slower after 24 h and water remained stable after 81 h. In
addition, progressive methane hydrate migrations were observed by XRCT scans
over the whole duration of the test. Lei et al. (2019a) observed CO, hydrates forming
preferentially toward the periphery of the sample. In addition, sediment particles
moved toward the sample center. These two phenomena were explained by
cryogenic suction governed by temperature gradient generated during gas hydrate
formation. Furthermore, Nikitin et al. (2019) performed SXRCT scans to observe MH
formation in sandy sediment and found multiple fast water movements. That once

again was explained by cryogenic suction.

In the present study, water was observed to move out of zone Z0_HR at 0.58 h
(Figure 4). However, it migrated into zone Z1_HR at 3.8 h (Figure 6). In addition, both

methane hydrates and water were moved out of zone Z0_HR (at t = 13.4 h, Figure



8b) and the bottom of zone Z1 HR (at t = 13.6 h, Figure 9a). The two first events
would be explained by the cryogenic suction governed by a local temperature
gradient during the MH formation. Vertical temperature gradient was obvious (about
0.013 °C/mm). Furthermore, both events could be interpreted as Haines jumps (i.e.
sudden jumps of the fluid interfaces accompanied by fluid redistribution and a
transient pressure response) when pressure-volume response was multi-value
across pore throats due to the MH formation (Sun and Santamarina, 2019). It should
be noted that Haines jumps are fast phenomena and that their dynamic evolution
could not be captured by our high-quality images with limited temporal resolution
(12’15’ for one image). As a small quantity of small methane hydrates might be
mixed in pore space with methane gas and saline solution, they could be moved
together with the saline solution if they are not attached to grains or if their
connection with grains is weak enough. The third event (MH and water
disappearance) can be explained by the Haines jump mechanism and/or the energy
supplied by X-rays that locally heated the sample. This X-ray-induced heating has
been evidenced by some theoretical models and experiments when studying
biological molecules with macromolecular crystallography (Helliwell, 1984; Kriminski
et al., 2003; Wallander & Wallentin, 2017; Warren et al., 2019). These works showed
that the increase of temperature induced by X-rays depended not only on the
absorbed energy but also on the heat transfer to the surrounding medium. In the
present study, zones Z0_HR and Z1_HR were exposed to X-rays continuously during
the first twelve hours. Actually, within a beam power of 0.118 W/mm?, the volume
fractions of quartz, saline water and air are 0.60, 0.24 and 0.16, respectively, the
heat flux provided to the this zone was estimated at 0.0015 W/mm?®. By considering a

simplified one-dimensional heat diffusion along the sample’s axis, the maximum



temperature increase (related to beam-induced heating) was estimated at 4 °C. That
could explain the MH dissociation in these zones as shown in Figure 10. In addition,
most of the water released after MH dissociation can reasonably be assumed to have
moved to other zones for further MH formation. The zone Z0_HR was more sensitive
to beam-induced heating than the zone Z1 HR because the zone Z0 HR was
exposed to X-rays 2 hours before the scans were switched between these two zones.
Furthermore, the temperature in the zone Z1_HR was slightly lower than that in the
zone Z0_HR due to the vertical temperature gradient. MH still existed at the
periphery of the zone Z0 (Figure 10). That could be explained by the existence of a
radial temperature gradient, which was negligible for the case of wet sand in the
preliminary test without MH as aforementioned, but could exist in the case of MH
formation as the tube periphery was in direct contact with cooled air: the MH
formation can increase sample temperature locally because it is an exothermic
process and this increase of temperature in the zones nearby the tube periphery
could be compensated more easily by cooled-air circulation than in the center of the
tube. In addition, X-rays irradiated continuously the central part of the sample, and
only intermittently the periphery. Besides, it seems that zones Z-3, Z-5 and Z-7
corresponded to the expected excess-gas media (Figure 11 and Figure 12) while the
zones Z3, Z5, Z7 and Z9 (situated at higher positions) were modified due to multiple
water migrations during the MH formation (Figure 14 and Figure 15). That can be
explained by the vertical temperature gradient and water condensation which favored
the MH formation on the top of the sample. That can also be related to the stochastic
nature of Haines jump, the unstable nature of the MH formation and/or the

temperature increase induced by X-ray irradiation.



The MH formation naturally is a dynamic process that favored Ostwald ripening as
well as the appearance of local excess-water conditions. However, it seems that
sample temperature gradient and X-rays-induced heating favored more water
migrations. It should be noted that the ratio of sample height/diameter is generally
close to two for macroscopic tests (e.g. triaxial tests) while it is much larger for
XRCT/SXRCT studies. That involves important vertical temperature gradients.
Temperature control shows an important role for MH stabilization. Furthermore,
studies on MH should pay attention to the interaction of X-rays and the sample

(beam-induced heating).

To mimic natural methane hydrate-bearing marine sediments, the dissolved gas
method is considered as a good method. However it is time consuming, especially at
high hydrate 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), was supposed to create load-bearing MH in sandy sediments at hydrate
saturation lower than 40%, according to sonic wave velocity measurements.
However, MH were observed to be formed heterogeneously inside these samples via
XRCT (Kneafsey et al., 2010). Note that pore-filling MH begin bridging sediment
grains and behaving as load-bearing distributions when MH saturation exceeds 25 —
40 % (Waite et al., 2009). Kerkar et al. (2014) confirmed patchy methane hydrate
distribution and heterogeneous accumulations with XRCT at higher image spatial
resolution. Via measurements of sonic wave velocities, MH created following the
excess-gas method were supposed to be converted/redistributed from the grain
contacts to the pore space between grains when sample was saturated with water

(with or without an additional temperature cycle) (Choi et al., 2014; Le et al., 2019). In



the work of Lei et al. (2019b), the effect of water injection on this
conversion/redistribution of MH was confirmed by XRCT scans at high image spatial
resolution. Furthermore, the obtained images showed round MH particles under
excess-water conditions. In the present study, MH were initially formed following the
excess-gas method. However, after multiple water migrations, MH in both local
excess-gas and local excess-water media were observed in the sample. MH in local
excess-gas media were in cementing forms (mineral-coating and/or grain-contacts)
while round MH particles were mixed with water in the pore space under local
excess-water conditions (Figure 10). The faster MH formation under excess-gas
conditions could explain why methane hydrates were less stable than that under
excess-water conditions where MH were formed slowly (mostly via methane gas
diffusion). These observations confirmed the pore-filling/load-bearing distribution of
MH in excess-water media (round MHs particles mixed with water in the pore space
of porous media) that are being widely used for numerical simulations (Waite et al.,
2004 & 2009). It is supposed that MH distribution at the grain scale of MHBS after the
water saturation at low MH saturation and after the temperature cycle in the work of

Le et al. (2019 & 2020) looks alike and resembles to natural MHBS.

5. Conclusions

In the present work, methane hydrate-bearing sand was created first by pressurizing
methane gas (at 7 MPa) in wet sand (with saline water, Kl 3.5 wt%), followed by
decreasing the sample temperature (excess-gas method). SXRCT scans were used

to observe the MH formation. The following conclusions can be drawn:

e MH were initially formed following the excess-gas method. However after

multiple water migrations in the sample, both local excess-gas and local



excess-water media can co-exist. Water migrations can modify MH
morphologies and pore habits in the pore space. The MH distribution was
heterogeneous at the grain scale as well as the sample scale.

e Under local excess-water conditions, round MH patrticles were found mixed
with water in the pore space (pore-filling/load-bearing habit) while MH cement
sand grains under local excess-gas conditions (grain-grain contacts and/or
mineral-coating). Actually, pore-filling and load-bearing models could be used
to simulate MH, at the grain scale in synthetic sandy sediments, under excess-
water conditions as well as natural MHBS for numerical studies on
physical/mechanical behaviors of MHBS.

e MH formation in porous media is naturally a dynamic process. However, it
seems that sample temperature gradient and X-ray-induced heating favor

more water migrations during the MH formation observed by XRCT/SXRCT.
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Figure 1. Experimental setup showing pressure and temperature controls for SXRCT
tests and the positions of the low- and high-resolution CT scans.
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Methane gas Methane hydrates Saline water Sand grains

Figure 4. Vertical cross-section through Z0_HR: (a) t=0; (b) t=0.58 h; (b) t =4 h; (c)
t = 4.5h.
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Figure 5. Details of yellow boxes in Figure 4a&d.
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Figure 6. Vertical cross-section through Z1 HR: (a)t=3.8h; (b)t=4.3 h; (c)t=8h;
(d)yt=12.4h.
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Figure 7. Details of yellow boxes in Figure 6b&d.
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Figure 8. Vertical cross-section through Z0 HR: (a)t=12.2 h; (b)t=13.4h; (c) t=
16.3 h.
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Figure 9. Vertical cross-section through Z1_HR: (a)t = 13.6 h; (b) t = 16.5 h.
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Figure 10. Vertical cross-section through Z1 (t = 19.5 h), Z0 (t=21.5h), and Z-1 (t =
19.2 h). Image dimensions: 3.47 mm x 5.15 mm.



Methane gas Methane hydrates Saline water Sand grains

Figure 11. Details of yellow boxes in Figure 10.
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Figure 12. Vertical cross-section through Z-3 (a, t =19.0 h), Z-5 (b, t = 18.8 h), and Z-
7 (c, t = 18.5 h). Image dimensions: 3.47 mm x 1.75 mm.
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Figure 13. Details of yellow boxes in Figure 12 a,b,c.



Figure 14. Vertical cross-section through Z9 (a, t = 20.5 h), Z7 (b, t = 20.2 h), Z5 (c, t
=20 h) and Z3 (d, t = 19.7 h). Image dimensions: 3.47 mm x 1.75 mm.
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tails of yellow boxes in Figure 14 a,b,c,d.



Figure 16. Possible morphologies and pore habits of MHs: (a) image in Z-3 (t = 19 h);
(b) image in Z1 (t =19.5 h; (c) image in Z-1 (t=19.2 h).
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