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Gas bubble in aquatic sediments has a signiﬁcant effect on its geophysical and
geomechanical properties. Recent studies have shown that methane gas and hydrate
can coexist in gas hydrate–bearing sediments. Accurate calibration and understanding of
the fundamental processes regarding such coexisting gas bubble dynamics is essential for
geophysical characterization and hazard mitigation. We conducted high-resolution
synchrotron imaging of methane hydrate formation from methane gas in watersaturated sand. While previous hydrate synchrotron imaging has focused on hydrate
evolution, here we focus on the gas bubble dynamics. We used a novel semantic
segmentation technique based on convolutional neural networks to observe bubble
dynamics before and during hydrate formation. Our results show that bubbles change
shape and size even before hydrate formation. Hydrate forms on the outer surface of the
bubbles, leading to reduction in bubble size, connectivity of bubbles, and the development
of nano-to micro-sized bubbles. Interestingly, methane gas bubble size does not
monotonously decrease with hydrate formation; rather, we observe some bubbles
being completely used up during hydrate formation, while bubbles originate from
hydrates in other parts. This indicates the dynamic nature of gas and hydrate
formation. We also used an effective medium model including gas bubble resonance
effects to study how these bubble sizes affect the geophysical properties. Gas bubble
resonance modeling for ﬁeld or experimental data generally considers an average or
equivalent bubble size. We use synchrotron imaging data to extract individual gas bubble
volumes and equivalent spherical radii from the segmented images and implement this into
the rock physics model. Our modeling results show that using actual bubble size
distribution has a different effect on the geophysical properties compared to the using
mean and median bubble size distributions. Our imaging and modeling studies show that
the existence of these small gas bubbles of a speciﬁc size range, compared to a bigger
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bubble of equivalent volume, may give rise to signiﬁcant uncertainties in the geophysical
inversion of gas quantiﬁcation.
Keywords: gas bubble, gas hydrate, wave velocity, synchrotron X-ray imaging, rock physics model

INTRODUCTION

background sediments with no hydrates (e.g., Weitemeyer et al.,
2006; Lee and Collett, 2008; Schwalenberg et al., 2010; Hsu et al.,
2014). This method would not differentiate between hydrate and
gas, although they both have greater resistivity in comparison to
saline pore ﬂuid (Lee and Collet, 2008). An increase in gas content
reduces sound speed, whereas an increase in hydrate content
increases sound speed (Sills et al., 1991; Guerin et al., 1999;
Fohrmann and Pecher, 2012). Due to the strong effect of gas
presence on sound speed, even small amounts of gas hinder the
p-wave-hydrate content estimation models.
The co-existence of gas can also be under two-phase waterhydrate stability conditions, as identiﬁed in ﬁeld studies on
characterizing gas hydrate–bearing sediments such as Guerin
et al. (1999) from Blake Ridge and Paganoni et al. (2016) from
NW Borneo. Two types of co-existing gas with hydrate and water
in pore space have been identiﬁed by many research works (Suess
et al., 2001; Milkov et al., 2004; Schicks et al., 2006; Chaouachi
et al., 2015; Yang et al., 2016; Sahoo et al., 2018b), which are 1)
connected (pore network) and 2) disconnected (individual
bubbles) within the pore space. The disconnected bubbles may
remain in the hydrate or could have been still present, where
hydrate formation is not yet completed (Schicks et al., 2006). On
the other hand, hydrate formation can block contacts between gas
and water within sediment pores and form pockets of gas (which
could include several pores, e.g., Chaouachi et al., 2015; Yang
et al., 2016). The trapped gas bubbles may be consumed by the
surrounding pore ﬂuid over time by diffusion; however, in a
dynamic pore ﬂuid system with gas production, diffusion is
unlikely to dominate due to its relatively slow rate (Suesset al.,
2001; Milkov et al., 2004). Studies on kinetic modeling of hydrate

The presence of gas bubbles in aquatic (underwater) sediment
pores affects both geomechanical and geophysical properties of
the sediment (Sills et al., 1991; Best et al., 2004; Lee, 2004; Zheng
et al., 2017). The presence of gas bubbles in pore space
considerably reduces the sound speed (Sills et al., 1991; Kumar
and Madhusudhan, 2012) and increases the attenuation (Best
et al., 2004), in comparison to a fully water-saturated
sediment state.
Hydrate is an ice-like solid comprising a hydrogen-bonded
water lattice with trapped gas molecules that occurs within a
pressure–temperature stability zone in seaﬂoor sediments
(Kvenvolden, 1993). Remote geophysics is used to quantify
seaﬂoor methane hydrates over large (km2) areas. Typically,
these methods use models where the seismic velocity (e.g.,
Schnurle et al., 2004; Lee and Collett, 2006; Fohrmann and
Pecher, 2012) and electrical resistivity (e.g., Weitemeyer et al.,
2006; Schwalenberg et al., 2010; Hsu et al., 2014) increase in
relation to hydrate replacement within saline water in sediment
pore space. However, accurate quantiﬁcation of methane hydrate
saturation is hindered by uncertainties in the relationship
between geophysical parameters and hydrate content (e.g.,
Schnurle et al., 2004; Lee and Collett, 2008; Hsu et al., 2014;
Goswami et al., 2015). Hence, the estimates from geophysical data
result in uncertainty of the carbon inventory stored in hydrate
and resulting assessments of well stability and methane
production from hydrate reservoirs (Sahoo et al., 2018a).
The hydrate content is estimated by correlating the electrical
resistivity increase in the hydrate stability zone in comparison to

FIGURE 1 | (A) Schematic of the experimental setup; (B) Photograph of the experimental setup at Diamond Light Source, United Kingdom.
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dimensions were 2 mm internal diameter, 0.8 mm wall thickness,
and 10 mm sample scan height (23 mm total height). The pore
pressure port at the bottom was used to apply methane/brine pore
pressure (Figure 1A). The process of formation and dissociation
of gas hydrate in sand was imaged using synchrotron X-ray
computed tomography (XCT) at beamline I13-2, Diamond Light
Source, United Kingdom. The distance between the specimen and
detector, exposure time, and beam energy were optimized initially
by trial scans. It was found that beam energy of 30 keV and
exposure periods between 30 and 200 ms were optimum for the
scans. We used x4 and x10 optical objectives after trial runs to
obtain images at 0.650 and 0.325 μm resolution, respectively. The
schematic of the rig is presented in Figure 1A along with the
temperature control and measurement system (Figure 1B).
Leighton Buzzard E sand (d50 = 100 μm) was weighed and
tamped directly into a cylindrical hydrate rig (2 mm diameter and
23 mm height) to obtain a sample of 35% porosity. A vacuum of
1 Pa was applied to the sample to remove as much air as possible
from the pore space. Brine (3.5 wt% NaCl solution in deionized
and de-aerated water) was injected to partially ﬁll the sample pore
space, following the method of Waite et al. (2009), with a high
(>83%) initial brine saturation. This method allows excess water
condition (Ellis, 2008; Priest et al., 2009). The sample was left for
3 days so that the pore ﬂuids could re-distribute throughout the
sample by capillary action. The remaining pore space (~17%),
which was previously under vacuum, may have been occupied by
water vapor and/or remaining air. Our hydrate formation method
and experimental setup represent gas hydrate systems with
localized gas ﬂow, such as the base of the GHSZ or near gas
chimneys. Methane gas of 10 MPa was then applied to the bottom
of the rig, and the valve was closed before the start of the hydrate
formation stage. Hydrate was formed by reducing the
temperature to 1°C using a cryojet stream applied at the top of
the rig (Figure 1B) and a thermistor at the bottom of the
specimen. The synchrotron rig was scanned every 2–3 h to
image the hydrate formation in the pore space. Hydrate
dissociation was then performed by initially reducing the
temperature to −2.0°C and then slowly increasing the
temperature to 3.0°C till the specimen is out of the hydrate
pressure–temperature boundary. The scans were performed
every 15–20 min during the dissociation stage. After the trial
scans, the in situ XCT data were collected using a polychromatic
“pink beam” at 30 keV peak energy. The detector system used was
a scintillator-coupled pco.edge 5.5 camera ﬁtted with a x4 optic
magniﬁcation lens, resulting in an effective pixel size of
0.8125 μm. The detector was placed at 6.5 mm behind the

FIGURE 2 | 3D reconstructed CT scan image of sand with pore space
ﬁlled with brine and methane gas after 3 h of initiating hydrate formation.

formation and dissociation in porous media conclude that the
hydrate may never achieve equilibrium due to the three-phase
system (e.g., Vafaei et al., 2014). Accurate calibration and
understanding of the fundamental processes regarding such
coexisting gas bubble dynamics is, thus, essential for
geophysical characterization and hazard mitigation. This study
presents the results from high-resolution synchrotron imaging of
methane hydrate formation and dissociation experiments in
porous media. Here, we imaged and analyzed the gas, hydrate,
and brine phase changes with the specimen. Particular attention
was given to gas bubble dynamics, in terms of its shape and
distribution during hydrate formation and dissociation stages.
We used an effective medium rock physics model (MarínMoreno et al., 2017) to study the gas bubble size and
distribution effect on the geophysical properties during
hydrate formation and dissociation stages.

METHODOLOGY
We conducted high-resolution synchrotron imaging to capture
gas bubble dynamics during methane hydrate formation, using a
miniature cylindrical hydrate rig (Sahoo et al., 2018b). The rig
TABLE 1 | Details of scans analyzed from the hydrate formation experiment.
Time since initiation
of hydrate formation
(h)
0.00
10.72
20.77
30.02
36.52
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Porosity (%)

CH4 content (%)

Temperature (°C)

35.9
35.1
34.9
34.4
34.5

6.2
2.0
1.9
1.2
0.9

1.0
1.0
1.1
1.0
1.0
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FIGURE 3 | Segmented 3D reconstructed CT scan of the specimen showing the gas bubble distribution within the pore space during hydrate formation (A) 0 h, (B)
10.2 h, (C) 20.77 h, (D) 30.02 h, and (E) 36.25 h after initiating the hydrate formation process.

sample. The X-ray projection size was 2560 wide by 2160 pixels
high. Reconstruction, segmentation, and isolation of gas bubbles
were observed during methane hydrate formation.

hydrate formation (Alvarez-Borges et al., 2021). This
methodology involved training U-Nets, a class of CNNs, to
create models that could classify the synchrotron XCT data
into three different phases: 1) sand, 2) brine + hydrates, and
3) methane gas. We used RootPainter (Smith et al., 2020) to
perform this.
RootPainter is a client-server application that uses a graphical
user interface (GUI) and interactive corrections to train a binary
2D U-Net model. The procedure involved, for each XCT volume, is
the hand-annotation of 50 random XY slices using the GUI. From
these, the software used 40 slices to train the model and 10 slices as
the validation dataset to assess model accuracy at the end of each
training cycle (or ‘epoch’) using the F-score parameter (F1). At the
conclusion of each training epoch, the F1 number for the current
and previous epochs was compared, and the associated model with
the highest F1 was saved. This was repeated until 60 consecutive
epochs were completed without improvements in F1. This led to
minimum F1 values of approximately 0.98 and a single U-Net
segmentation model per scan.
F1 is deﬁned as (Smith et al., 2020) as follows:

Reconstruction of CT Scans
X-ray projections were reconstructed using Savu 2.4 (Atwood
et al., 2015; Wadeson and Basham, 2016). The reconstruction
resulted in 3D volumes consisting of 2650 × 2560 × 2000 voxels,
as 80 slices each from the top and bottom were discarded due to
the presence of distortion artifacts produced by reduced beam
intensity in these regions. Figure 2 shows a 3D reconstructed
image of the specimen after 3 h after initiation of hydrate
formation.

Segmentation of CT Scans
As seen in Figure 2, it is important to identify the grayscale
contrast between the four phases of the specimen, that is,
methane gas, sand, brine, and gas hydrates. We used a novel
semantic segmentation technique based on convolutional neural
networks (CNNs) to observe bubble dynamics before and during
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TABLE 2 | Details of scans analyzed from the hydrate dissociation experiment.
Time since initiation
of hydrate dissociation
(h)

Porosity (%)

CH4 content (%)

Temperature (°C)

34.5
34.5
34.6
34.2
34.2

0.9
1.1
2.2
2.9
6.6

−2.0
−1.6
−1.0
0.0
3.5

0.00
0.72
1.93
2.83
3.71

FIGURE 4 | Segmented 3D reconstructed CT scan of the specimen showing the gas bubble distribution within the pore space during hydrate dissociation (A) 0 h,
(B)0.72 h, (C) 1.93 h, (D) 2.83 h, and (E) 3.71 h after initiating the hydrate formation process.

F1 

TP
TP + 0.5(FP + FN)

in the image. This region was inscribed within the cylindrical ﬁeld
of view of the original volumes and omitted the dark black
background generated during reconstruction. This was carried
out to optimize computing time by reducing both the size of the
3D image and the number of labels required for annotation and
prediction.
Table 1 presents the selected scans from the start of the
hydrate formation stage that was processed to isolate the gas
bubbles within the pore space. The temperature was maintained

(1)

where TP, FP, and FN are the number of true positive, false
positive, and false negative pixel U-Net predictions, respectively,
in each case.
The U-Net models were then used to segment a 1554 × 1554 ×
2000 region of the original reconstructed volumes, therefore
isolating the sand, brine + hydrate, and methane gas present
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FIGURE 6 | Result of porosity from the analyzed scans during hydrate
formation and dissociation stages. Irrecoverable densiﬁcation of the specimen
was observed due to methane gas consumption for hydrate formation.

FIGURE 5 | Evolution of bubble size distribution within the pore space of
the specimen during the hydrate formation stage.

constant at 1°C throughout the hydrate formation stage. The
porosity and the methane (CH4) gas content were calculated
using the pore size distribution and methane gas in the specimen
from the segmented volumes using Eqs. 1, 2, respectively.
volume of pores
× 100.
total volume
volume of CH4
CH4 saturation (%) 
× 100.
volume of pores
Porosity (%) 

(2)
(3)

Alvarez-Borges et al. (2021) found that the mean absolute errors
for porosity and methane gas saturation measurements derived from
these same XCT volumes segmented using this approach were below
1% and 0.05%, respectively. A detailed description of the
implementation of this technique is given by these authors.
The segmented gas bubbles rendered using Avizo software during
each selected time stamp of the hydrate formation stage are
presented in Figure 3. Initially the gas within the pore space
appears as a pipe-like structure, which may be due to an initial
interconnected gas network that might have formed during the high
pressure (10 MPa) gas injection before the hydrate formation
process was initiated. As the hydrate begins to form in the pore
space, the methane gas is consumed and the bubble size reduces
from millimeter scale to micron and nano scale. Also, at the end of
the hydrate formation, which was determined from our previous
work by Sahoo et al. (2018b), methane gas still exists in the pore
space, which is trapped within the newly formed hydrate pore
structure. The coexistence of hydrate, brine, and gas in hydrate
structure has been reported by many research works and our own
work (Suess et al., 2001; Milkov et al., 2004; Schicks et al., 2006;
Chaouachi et al., 2015; Yang et al., 2016; Sahoo et al., 2018b).
Table 2 similarly presents the selected scans during the process of
the hydrate dissociation stage that was processed to isolate the gas
bubbles within the pore space. Figure 4 presents the segmented gas
bubbles rendered using Avizo software during each selected time
stamp of the hydrate dissociation stage. Initially, the volume of the gas
trapped in the hydrate structure, which was never consumed during
the hydrate formation stage, appears to be well-distributed within the

Frontiers in Earth Science | www.frontiersin.org

FIGURE 7 | Methane gas consumption and expulsion with time during
hydrate formation and dissociation stage.

specimen. Thereafter, as temperature increases and hydrates begin to
dissociate within the pore space, the methane bubble increases in size
very quickly. At the ﬁnal scan, where the dissociation was complete,
the methane bubbles seem to be well-distributed in the specimen. In
comparison to the gas bubble size and distribution before formation,
the gas bubble seems to be well-distributed and consistent after the
completion of the gas hydrate dissociation.

ANALYSIS OF GAS BUBBLE DYNAMICS
DURING HYDRATE FORMATION AND
DISSOCIATION STAGES
The shape of the individual methane gas bubble within the pore
space was analyzed by calculating spheres of the same volume as that
of each bubble and thereafter determining the diameter of said
spheres. In this way, an equivalent spherical diameter was derived for
each individual bubble. This enabled the quantiﬁcation of the gas
bubble size distribution in each specimen and the observation of
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FIGURE 8 | Conceptual model (Marín-Moreno et al., 2017) to examine the effect of methane hydrate (white) and gas (black) on the geophysical properties of brine
(blue)-saturated sediment (yellow). (A) Biot’s type inertial ﬂuid ﬂow, (B) micro squirt ﬂow, (C) sub-micro squirt ﬂow due to inclusions of gas and water in hydrates, and (D)
gas bubble resonance. Marín-Moreno et al. (2017).

changes in bubble size during hydrate formation and dissociation.
Figure 5 shows the bubble size distribution within the specimen pore
space during the hydrate formation stage at time stamp 0, 10.72,, and
20.77 h. Initially, at the start of hydrate formation (0 h), due to the
presence of large pipe-shaped bubbles (see Figure 3A), 60% of the
bubbles are greater than 300 μm average size. Due to the formation
of the hydrate, a large amount of gas is consumed, and hence less
than 5% bubbles are greater than 300 μm. As hydrate formation
continues, the bubble size analysis of t = 10.72 h shows good
distribution from sizes 100 to 6 μm. This further evolves into a
reduction in bubble size variability (homogenization of bubble size
distribution) as seen from the analysis of specimen from scan after t20.77 h.
The porosity, methane gas saturation, and average bubble size
of the specimen during hydrate formation and dissociation are
obtained from the analysis of pores and methane bubbles from
the scans. The porosity of the specimen reduces signiﬁcantly at
the initial hydrate formation stage, probably due to particle
rearrangement as a result of the consumption of large volumes
of methane as shown in Figure 6. This slightly densiﬁes the
specimen and is an irrecoverable change as the analysis from the
dissociation stage indicates no change in porosity as methane gas
is released back into the pore space. As expected, methane
saturation reduces with the hydrate formation (Figure 7), but
even after complete formation (t > 30 h), at least 1% methane is
still trapped within the hydrate structure. The average bubble size

Frontiers in Earth Science | www.frontiersin.org

(d50) dramatically drops at the initial hydrate formation stage;
thereafter, there is a small change in average bubble size till
completion of hydrate formation.

EFFECTIVE MEDIUM ROCK PHYSICS
MODEL USING BUBBLE RESONANCE
The presence of gas bubbles affects the geophysical properties of
sediments. The extent or magnitude of this effect on the velocity
of P and S waves depends on the gas bubble size and
concentration (e.g., Marín-Moreno et al., 2017). We used an
effective medium rock physics model to observe how the gas
bubble size affects the geophysical properties. We used the
hydrate-bearing effective sediment (HBES) model (MarínMoreno et al., 2017) which is a development from the
(Hydrate Effective Grain) model of Best et al. (2013). Our
model accounts for the inertial ﬂuid ﬂow between different
components of the system and gas bubble resonance
(Figure 8). HBES also considers the effect of squirt ﬂow in 1)
inclusions in hydrates and 2) different aspect ratio pores created
by hydrates. The over-reaching idea in this model is that hydratebearing porous medium is an effective medium of porous media
(sediment) with solid hydrate and ﬂuid in the pore space. The
pore ﬂuid comprises gas and liquid. The gas bubbles can give rise
to resonance, modeled according to Smeulders and van Dongen
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TABLE 3 | Values used in the HBES model runs (Marín-Moreno et al., 2017).
Parameter
Hydrate bulk modulus
Hydrate shear modulus
Hydrate Poisson’s ratio
Methane bulk modulus
Methane density
Methane viscosity
Methane irreducible saturation
Sand/quartz grain bulk modulus
Sand/quartz grain shear modulus
Sand/quartz grain Poisson’s ratio
Sand/quartz grain density
Sand/quartz grain diameter
Sand/quartz grain coordination number
Water bulk modulus
Water density
Water viscosity
Water irreducible saturation
Intrinsic permeability without hydrate
Intrinsic permeability exponent for cementing hydrate
Intrinsic permeability exponent for pore-ﬁlling hydrate
Tortuosity
van Genuchten’s (1980) capillary
pressure ﬁtting parameter
van Genuchten’s (1980) capillary
pressure gas entry parameter
Critical porosity
K Feldspar bulk modulus
K Feldspar shear modulus
Illite bulk modulus
Illite shear modulus

Value
7.9 × 109
3.3 × 109
0.32
KCH4 (Pp, T)
ρCH4 (Pp, T)
μCH4 (Pp, T)
0.02
36 × 109
45 × 109
0.062
2650
1 × 10−4
8.5
KW (Pp, T)
ρW (Pp, T)
μW (Pp, T)
0.2
10−13
3
2
3
0.45

References

Pa
Pa

Best et al. (2013)
Best et al. (2013)

Pa
kg m−3
Pa s

Millero et al. (1980)
Millero et al. (1980)
Millero et al. (1980)
Reagan and Moridis (2008)
Ecker et al. (2000)
Ecker et al. (2000)

Pa
Pa
kg m−3
m
Pa
kg m−3
Pa s
m2

Ecker et al. (2000)
Best et al. (2013)
Ecker et al. (2000)
Setzmann and Wagner (1991)
Setzmann and Wagner (1991)
Setzmann and Wagner (1991)
Reagan and Moridis (2008)
Daigle et al. (2015)

based on Mavko et al. (2009)
Reagan and Moridis (2008)

2000

Pa

Reagan and Moridis (2008)

0.36
37.5 × 109
15 × 109
62.21 × 109
25.70 × 109

Pa
Pa
Pa
Pa

Mavko
Mavko
Mavko
Mavko
Mavko

(1997). Hydrate can have gas or liquid inclusions that can give
rise to viscous (squirt) ﬂow between these inclusions and pore
ﬂuid when an elastic wave passes through this effective medium,
creating a pressure gradient. The hydrate formation in the pore
space changes the aspect ratio of the pores, and squirt ﬂow can
occur between these newly formed hydrate and pore ﬂuid. The
squirt ﬂow element is embedded in the Biot–Stoll global ﬂuid ﬂow
model (Biot, 1956b; 1956a). This model uses different hydrate
morphologies (cementing, pore-ﬂoating, and pore-bridging) as
described by Ecker et al. (1998) and Helgerud et al. (1999), using
model concepts developed by Leurer and Brown (2008) and
Leurer (1997) for clay-squirt ﬂow attenuation in marine
sediments. We have used pore-bridging or load-bearing
hydrate morphology as it is the most commonly occurring
hydrate morphology in nature (e.g., Waite et al., 2009;
Spangenberg et al., 2015). We have not used squirt ﬂow due
to inclusions in this study as we are interested in looking at the
effect of gas bubbles. So, we have plotted the results as a change in
velocity instead of absolute velocity, helping us to see how
changes in gas bubble size affect the velocity. This model is
explained in detail in Sahoo et al. (2018b). The input parameters
used in the model are listed in Table 3.
Simulations were carried out to examine the effect of bubble
size and distribution based on the results from the 3D image
analysis of gas bubbles imaged during hydrate formation. The
hydrate content increase with hydrate formation time was
obtained from the synchrotron scans as described by Sahoo

Frontiers in Earth Science | www.frontiersin.org

Units

et
et
et
et
et

al.
al.
al,
al,
al.

(2009)
(2009)
(2009)
(2009)
(2009)

et al. (2018b). Using the hydrate content, the initial run was
carried out assuming no gas was present in the hydrate structure.
Thereafter, gas bubbles were introduced in the simulations in the
following ﬁve different cases, and these were as follows: 1)
uniform bubble size = 10 μm; 2) uniform bubble size =
100 μm; 3) uniform bubble size = d50 from Figure 9 for each
hydrate content. 4) Uniform mean (or average) bubble size = dA
from bubble size distribution plots as shown in Figure 5; 5)
bubble size distribution from Figure 5 obtained for each hydrate
content. The model runs on uniform bubble sizes 10 and 100 μm
are carried out to cover the upper and lower bound limits of
bubble sizes, whereas the d50 and dA use the mid-size and the
average (or mean) size from bubble distribution. However, the
‘distribution’ run considered all the bubble sizes and distribution
for the simulation. We grouped bubbles in bin size of 5 μm. We
then calculated how much volume each of these bin-sized bubbles
occupies. We used the mean bubble size of each bin (2.5 μm for a
bin of 0–5 μm) and saturation of this bin (volume of this bin size
bubbles/total pore volume) in the rock physics model to calculate
velocity. Thereafter, we plot relative velocity for each bin size,
deﬁned as velocity with calculated hydrate saturation with no gas
velocity with same hydrate saturation and gas saturation of this
bin. We then added these relative velocities for each bin size to
obtain the total effect of all the gas bubbles. Figures 10, 11
present comparative relative velocity change of P and S waves
when gas bubbles of a given size are present compared to when
no gas is present. We plot ΔVp and ΔVs, that is, V at a given gas
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FIGURE 9 | Average bubble size (d50) evolution with hydrate formation and dissociation. The large average bubble size before formation is observed, which is
irrecoverable after the dissociation stage.

saturation minus V at zero gas saturation. The bubble size and
distribution play a signiﬁcant role in the accurate
determination of wave velocities. Variation of bubble size
(uniform) from 100 to 10 μm has a signiﬁcant effect on the
wave velocities.
In the case of effect on P wave velocity, introducing a uniform
bubble in the model results in signiﬁcant reduction in P wave
velocity for hydrate saturations <20%. However, beyond 20%
hydrate saturation, the uniform d50 and uniform mean bubble

size (DA) seem to predict the P wave velocities closer to reality.
Simulations using actual bubble size distribution indicate less
effect at low hydrate saturation (<10%), whereas the greatest
reduction is found at 25% hydrate saturation, which might be
due to the evolution of bubble sizes from well-distributed to
more uniformly distributed bubble sizes (see Figure 5). In
general, the relative change in S wave velocity might be
smaller (Figure 11), but this is due to the assumed poreﬁlling hydrate morphology (Sahoo et al., 2018b) of the

FIGURE 10 | Effect of gas bubble size and distribution on P wave
velocity during hydrate formation in porous sediment.

Frontiers in Earth Science | www.frontiersin.org

FIGURE 11 | Effect of gas bubble size and distribution on S wave
velocity during hydrate formation in porous sediment.
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hydrates. The uniform average bubble size and 10 μm bubble
produce a similar effect on S wave propagation, but 100 μm and
d50 bubble size reduce S wave velocity. Simulations using actual
bubble size distribution show less effect on S wave propagation
in general, but they seem to coincide with simulations of 100 μm
and d50 bubble size.

of wave velocities. Pore bridging hydrate morphology is observed
for >30% hydrate saturation and bubble size distribution is
uniform; however, the size of the bubble becomes important
in accurately predicting the wave velocities. The effect of bubble
size and distribution plays a role in S wave velocity also, but the
effect might be less for pore ﬁlling–type hydrate structure and
further, this effect might be masked in pore bridging type hydrate
structure due to an increase of the cementing effect as hydrate
bridges with each other. This work clearly shows the signiﬁcance
of bubble size and distribution in predicting the geophysical
properties of hydrate-bearing porous media.

DISCUSSION AND CONCLUSION
We show 4D time-lapse, high-resolution synchrotron imaging of
methane gas evolution during methane hydrate formation and
dissociation in brine-saturated sand. To our knowledge, this is
the ﬁrst imaging of bubble dynamics during the formation and
dissociation of hydrates in brine-saturated sand. Initially, before
hydrate formation, methane gas shows pipe-like structures, spread
across several pores. These pipe structures either separate or get
interconnected as hydrate formation starts and thereafter becomes
disconnected as methane is consumed to form more hydrates. The
initial bubble size distribution is well-graded, covering bubble sizes
as big as 1,000 μm–50 μm (before hydrate formation). As hydrate
begins to form, the bubble size variation reduces to poorly graded,
varying from 200 to 10 μm, and further tending toward uniformly
graded bubble size (Figure 5). The methane gas may not be fully
consumed even after maximum hydrate formation as hydrate
formed on the gas bubble surface and prevented further contact
between gas and water. This phenomenon has been observed in our
previous work (Sahoo et al., 2018b) and also from ﬁeld samples in
the Hydrate Ridge, (Suess et al., 2001). Hydrate formation in the
unconsolidated porous material leads to densiﬁcation (Figure 6),
initially as the bubble size reduces and then as the solid hydrate
replaces the ﬂuid hydrate.
The dissociation of methane hydrate releases the methane gas
with uniform bubble size and these bubble sizes increase with
hydrate dissociation. However, hydrate formation and dissociation
lead to more uniformity in gas bubble distribution. There are no
interconnected bubbles upon full hydrate dissociation compared to
those observed before hydrate formation (Figures 3, 4).
Modeling the effect of bubble size and distribution using an
effective medium rock physics model shows the actual bubble size
distribution from the synchrotron data producing a very different
effect on P wave propagation in comparison to representative
uniform bubble size (either with an average diameter or D50),
even though the actual average bubble size was used for
comparative simulation. Our previous work by Sahoo et al.
(2018b) on correlating hydrate morphology to geophysical
properties, the hydrate morphology evolves from pore ﬁlling
to pore bridging at hydrate saturation between 20%–30%,
which is evidenced by the geophysical measurements. A
similar observation about the transition from pore ﬁlling to
pore bridging was also made by Priest et al. (2009) at hydrate
saturations between 20% and 30%. Our simulations indicate
uncertainty in predicting wave velocity because the presence of
gas is higher when hydrate saturation is lower than 20%, which
could be attributed to the pore ﬁlling nature of the hydrate
structure. Hence, for pore ﬁlling hydrate morphology, the use
of bubble size distribution can produce more accurate estimates

Frontiers in Earth Science | www.frontiersin.org
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