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Gas production from hydrate-bearing sediments requires methane dissociation, which induces two-phase gas
flow, mobilizing fine clay particles from within saturated pores. Fines migration within sandy sediments results
in subsequent pore clogging, reducing reservoir connectivity. Sediments complex pore morphology, require
direct 3D microscopic pore-scale imaging to investigate fines’ influence on the porous media. The work uses
synchrotron microcomputed tomography, to understand how fines migration due to gas injection, affects pore
morphology and gas connectivity within sandy sediments. The goal is to study the impact of fines type and
content at different gas injection stages, on gas flow regime and sediments rearrangement.

Six saturated samples of sand and fines mixtures (Kaolinite and Montmorillonite at different contents) un-
derwent four stages of gas injection during in-situ 3D scanning. X-ray images were segmented for direct visu-
alization, as well to quantify gas ganglia distribution, also to extract pore networks to statistically measure
changes in pore and throats distributions, and to simulate single-phase and relative permeability.

Findings reveal that the extent of deformation to pore morphology increases with fines content and gas in-
jection regardless of fines type. High kaolinite content (equal to or larger than 6%) results in fractured porous
media, while high montmorillonite content (equal to or larger than 5%) results in disconnected vuggy media.
Lower contents cause a gradual reduction in pore and throat sizes during gas injection. As fines content increases,
clogging intensifies, thus gas connectivity and flow regime changes from connected capillary to disconnected
vugs and microfractures. Both hydrophobic and hydrophilic fines reduced throat sizes, due to dislocations in
sand grains. A unique pattern is discovered using pore networks, which describe pore-size fluctuations during
fractures and vugs formation, due to fines migration.

1. Introduction gas-brine interface are major mobilizers of fine clays. In sandy reser-

voirs, fines comprise less than 10% of sediments’ weight (Muecke,

Reserves of Methane Hydrate are three times larger than all other
fossil fuels combined (Klauda and Sandler, 2005), with volume esti-
mates of over quadrillion cubic meters according to (Milkov, 2004).
Pilot projects demonstrated economic feasibility and the potential for
CH4~CO3, replacement in unconsolidated sandy reservoirs (Schoderbek
et al.,, 2013; Kvamme, 2015; Merey et al., 2018). Hydrates form in
marine environments, at high pressure and low temperature within
deposits of saturated unconsolidated sandy sediments (Mrozewski et al.,
2011; Boswell et al., 2012; Cook and Malinverno, 2013), mixed with fine
clay particles (Kajiyama et al., 2017). When hydrate dissociates during
production, gas travel from within the pores, displacing seawater; the
generated hydrodynamic forces and the sweeping motion of the
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1979). Fines which are classified as hydrophilic (water-swelling), are
commonly observed at the brine-gas interface, such as montmorillon-
ites; while hydrophobic (non-swelling) fines, naturally attach to both
brine-gas and sand-brine interfaces, such as kaolinites (Deer et al., 1992;
Jung et al., 2018a). During fines migration, particles larger than the
throat clog the pore network (Hannun et al., 2020), causing a pressure
build-up that can dislocate sand grains in unconsolidated media (Khan
et al., 2017).

Fines migration and subsequent clogging reduce reservoir porosity
and permeability (Song and Kovscek, 2016; Prempeh et al., 2020; Guo
et al., 2022), causing formation damage that costs the hydrocarbon in-
dustry $140 billion/year (Byrne, 2012). Clogging depends on fines type
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and content, gas flow rate and pore morphology (mainly pore and throat
sizes, along (o/d) ratio of throat to fine particle size). Migration and
clogging of fines undergoing single and multiphase phase flow were
explored using microfluidic models (Bizmark et al., 2020; Jang et al.,
2020; Nishad et al., 2021), 3D tomography (Lagasca and Kovscek, 2014;
Khan, 2016; Al-Raoush et al., 2019), core flooding (Coronado and Dia-
z-Viera, 2017; Russell et al., 2017; Prempeh et al., 2020), and numerical
simulations (Samari Kermani et al., 2020; Parvan et al., 2021; Elrahmani
et al., 2022). Microfluidics are useful in isolating parameters but cannot
simulate sediments’ roughness or pore morphology. Tomography is a
robust non-destructive technique to reconstruct samples, but compro-
mises sample sizes to resolution. Core flooding provides benchmarks for
in-situ samples with the ability to control a wide range of physi-
ochemical variables but lacks in accessing direct pore-scale observa-
tions. Simulations are an efficient method to predict pore-scale physics
but compromise accuracy to reduce computational cost.

Synchrotron X-ray microcomputed tomography (SMT) can recon-
struct 3D volumes of sand, uncovering pore morphology at a micro-
scopic level. Synchrotron radiation with high brilliance and tunable
energy, is suitable for scanning multiphase flow experiments, through
unconsolidated sand at a quasi-static state. Also, varying fines content in
the study is important, as content increases radially in the subsurface
when approaching a production well. CO; injection coupled with fines
contents above 4% (by weight of sand), can cause fractures in sediments
(Jung et al., 2012a), which is critical to the borehole’s stability in
hydrate-bearing sediments. Pore networks can be extracted using spatial
information from SMT 3D images, facilitating multiphase flow simula-
tion to measure the effect of pore morphology change on relative per-
meabilities of the sediments (Finlay et al., 2014; Solling et al., 2014;
Golparvar et al., 2018).

There is a rising need to understand the effect of fines migration and
clogging on pore morphology and gas flow connectivity, especially at
the pore scale in unconsolidated sandy sediments. Thus, using 3D
microcomputed tomography (pCT) is essential to model and quantify the
influence of fines on multi-phase flow within sandy sediments. The ob-
jectives are to:

(i) investigate the effect of clay type among kaolinite and montmo-
rillonite, using gas ganglia analysis and 3D visualization from
synchrotron micro-computed tomography (SMT);

(ii) understand how changing fines content between 2% and 6% will
influence fines migration and clogging, by utilizing pore net-
works to quantify changes in pore morphology during gas injec-
tion in saturated loose sand;

(iii) gauge the effect of CO2 gas injection on fines migration, clogging,
gas-induced vugs and fractures, using pore networks and gas
relative permeability simulation.

The experiments employ samples with 2 types of fines, with 3
different contents for each type, each sample undergoes 4 steps of gas
injection, to study the effect of fines on pore space and multiphase flow
in sandy porous media.

2. Methodology
2.1. Materials

F75 silica sand with grain sizes between 0.250 mm and 0.210 mm
was used in the experiments (obtained from US Silica Company). The
sand is hydrophilic and has a specific gravity of solids (Gs) of 2.65, a
rounded shape with sphericity and roundness of 1.55 and 0.89,
respectively, calculated using the procedure of (Alshibli et al., 2015).
The uniformity and conformity coefficients measured using the method
of (Al-Raoush, 2012) were found to be 1.40 and 1.02, respectively.
Kaolinite and montmorillonite were the fine clay particles used (sourced
from Vanderbilt Minerals Company). The fines have flaky shaped
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particles, and a Gs of 2.62. with a mean particle size of 0.6 pm. Kaolinite
is a hydrophobic non-swelling clay, while montmorillonite is a hydro-
philic water-swelling clay. Fines were mixed with sand at different
percentages by weight to replicate fines migration mechanisms from
within subsurface reservoirs (Crist et al., 2005; Kajiyama et al., 2017).
The dry sand-fine mixtures were prepared in six proportions as pre-
sented in Table 1. The fines content ranged between 2% and 6% for
kaolinite, and between 2% and 5% for montmorillonite.

Critical fines content (FC*) is the content of the fine that completely
fills the pores of sandy sediments, where fines content is the ratio of the
weight of fines (wy) to sand weight (w,). Park and Santamarina (2017)
used the gravimetric-volumetric analysis to reveal that FC* is a function
of the void ratio of sand (e.) and fines (ef) as given in Eq. (1):

« _Wr _ Cc
ke 7W71+ec+ef M

Since the void ratio of sand (e, = 0.67), therefore, FC* is 9% for
montmorillonite (ef = 5.4) and 21% for kaolinite (ef = 1.5), because the
critical fines content decreases as the plasticity of fines increases. Jung
et al. (2012b) showed that at a fines content above 4%, fines migration
can cause clogging in pores which can result in vugs and fractures during
gas production in hydrate-bearing sediments, while Jarrar et al. (2019)
showed that at 6%, fines migration and fracturing occur. No confining
stress is required for the experiments because for both 6% kaolinite and
5% montmorillonite, the contents are well below the FC*, thus fines will
not carry the effective stress load.

The samples were prepared by collecting a fraction of F75 sand with
sizes between sieve #60 and sieve #70. The sand was then rinsed with
distilled water and oven-dried. Then, the sand was divided into six
patches where each patch was mixed with kaolinite or montmorillonite
clay powder. The goal was to prepare sand-clay mixtures with the same
porosity and fines contents as given in Table 1.

Each mixture was loosely packed in an acrylic cylinder. The acrylic
cylinders have an internal height and diameter of 50.80 mm and 9.52
mm respectively. The packing method mimics sandy sediments in
saturated marine environments, formed by the deposition of sequential
beds on top of each other, due to the sedimentation process. Thus, five
sequential layers of sediments were placed on top of each other to fill the
brine-saturated cylinder. Initially, the cylinder was partially filled with
brine (2% KI de-aired water solution) and then deposited equal amounts
of sediments in five layers. More brine was added after each deposited
layer to accommodate the mixture until all five sediment layers were
packed (Al-Raoush et al., 2019). Each of the six cylinders contained 4 g
of sand with (0.8 g, 0.16 g, 0.24 g) of kaolinite and (0.8 g, 0.12 g, 0.20 g)
of Montmorillonite. These values correspond to 2%,4%, 6% and 2%, 3%,
5% fines contents, respectively. The volume fractions of sand, fines and
brine were calculated to achieve a target porosity of 40%, using
soil-phase relationships.

2.2. Experimental setup

Fig. 1-a shows the experimental setup used to conduct the fines
migration experiments at Beamline 13D of the Advanced Photon Source
(APS) at Argonne National Laboratory (ANL), Illinois, USA. The top and
bottom of the cylindrical columns were plugged with filters and glass
beads. The bottom port was connected to a CO2 gas cylinder and a

Table 1

Types and contents of fines as ratio of sand weight, 3 cylinders contain kaolinite
fines which are hydrophobic non-water swelling, the other 3 cylinders contain
montmorillonite fines which are hydrophilic water swelling, oven dry sand and
fines were mixed before packing into each cylinder.

Fines Type Fines Contents (% of sand weight)
Kaolinites (K) 2% 4% 6%
Montmorillonites (M) 2% 3% 5%




J.A. Hannun et al.

Journal of Natural Gas Science and Engineering 108 (2022) 104834

Fig. 1. Experimental setup at ANL APS, (a) a sketch of the experimental setup; (b) specimen is placed vertically to take 360° x-ray projections; (c) the beam source

from the synchrotron ring.

pressure regulator, while the top port was connected to a pressure-
volume actuator (DigiFlow pump). The glass beads assist in transition-
ing the flow from upper and lower ports, toward the sediments in the
cylinder by distributing streamlines parallelly. Filters were used to
prevent fines from flowing toward the flow pump or the pressure
regulator. Fig. 1-b shows the sample placed vertically on a rotating stage
where a camera captures the x-ray projections as the sample rotates
360°, while Fig. 1-c shows the x-ray beam source diverted into the
experimental hatch, from the storage ring at APS.

2.3. Scanning stages

X-ray pCT is a robust non-destructive imaging technique that collects
projections of a rotating sample to reconstruct the 3D internal volume.
An enhancement to laboratory-based puCT is a synchrotron radiation
source that has the advantages of high brilliance and tunable energy
levels, allowing to reconstruct volumes of dense materials like sand with
high contrast and lower noise (Al-Raoush et al., 2019).

Salt of Potassium Iodide (KI) was dissolved in distilled water at a
concentration of 2% by water weight to function as a doping agent,
enhancing the brine phase contrast and facilitating image segmentation.
The dissolved KI does not impact brine properties as other studies used
higher concentrations with minimal differences in properties (Iglauer

500 um

Stages of CO, Gas Injection

(b)

et al., 2013; Andrew et al., 2014). Dual Energy Computed Tomography
(DECT) is used to scan the samples twice at different x-rays energy
levels, below and above the iodine K-edge, 33.069 keV and 33.0269 keV
respectively. DECT technique is effective in increasing image contrast,
limiting the effects of noise and allowing for accurate isolation of the
brine phase within the pores, which results in better features detection
when selecting the CT Number range (intensity value) during segmen-
tation, ensuring enhanced identification and separation of the different
phases in the system (fines, sand, brine, gas). The scans have a resolution
of 3.89 ym®/voxel, the volume of each scan is 1920 x 1920 x 2356
voxels or about 7.5 x 7.5 x 9.2 mm (Jarrar et al., 2020).

Six samples containing different fines contents were prepared,
imaged and analyzed at four different stages each. Fig. 2 shows cross-
sections obtained from 3D images showing the four CO2 gas injection
stages, initially the sample was fully saturated at stage 1; then stage 2
was established when CO3 was injected at 27.6 kPa pressure replacing
0.4 ml of brine; next additional 0.6 ml of brine was withdrawn at stage 3;
finally gas pressure was increased to 41.4 kPa at stage 4. The pump
withdrew brine from the top port, allowing for gas to percolate through
the sample, flow was paused and for each stage, the sample was scanned
at a quasi-static state. Fig. 2-b shows a microfracture forming in the 6%
kaolinite sample, where gas flow causes fines to clog the throats,
building up pressure, and displacing sand grains. All images were

Fig. 2. Cross sections obtained from 3D images showing CO, gas injection stages, (a) initial fully saturated sample of stage 1; (b) CO, is injected at 27.6 kPa pressure
replacing 0.4 ml of brine at stage 2; (c) additional 0.6 ml of gas is injected at stage 3; (d) gas pressure is increased to 41.4 kPa at stage 4; at (b) during stage 2 a gas
fracture of the 6% kaolinite sample is shown, gas is observed mobilizing the sand grains.
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scanned at the middle of the samples not covering the cylinder’s full
height. Thus, multi-step scanning was conducted to ensure that any
change in pore morphology is captured. For consistency, this procedure
was adopted for all samples.

2.4. Image analysis

All image analysis was carried out using the built-in algorithms of
Pergeos software (FEL, 2020) by (Thermo Fisher Scientific). Fig. 3-a
displays a raw grayscale image with the corresponding histogram shown
in Fig. 3-d. It illustrates the random distribution of noise in the images
which in turn reduces the clarity of the images. The initial step in
post-processing tomography images was to reduce data noise through
image filtration. The filtration was done using Anisotropic diffusion
followed by Median filters. Anisotropic diffusion filter utilized the raw
image with an isotropic Gaussian filter that blurs the noise inside of each
phase, while edges with large differences (contrast) in grayscale were
preserved, hence the name of anisotropic diffusion (Malik and Perona,
1990). Then, a median filter was applied to reduce image contrast using
a low pass filter that attenuates high frequencies, making each phase
more distinct from the previous image as demonstrated in Fig. 3-c. The
median filter (Pratt, 2014) replaces the value of each voxel with the
median value of the 26-neighboring voxels in three iterations.

After filtering the raw grayscale image and removing noise and ar-
tifacts as shown in Fig. 4-a and Fig. 4-b, voxels intensities (CT Number)
redistribute to reflect the material phases within 3D images as illustrated
in Fig. 4-d and Fig. 4-e. Segmentation was done by selecting voxels
within a specific CT Number range for each material and assigning it to a
distinct value. An interactive overlay threshold tool in Pergeos software
was used to serve this purpose. Then, a range of intensities was selected
and the corresponding voxels were overlaid to check the accuracy of the
selection. At each gas injection stage, the DECT technique was employed
by acquiring two images with higher and lower energy levels (above and
below the Iodine edge). Images below the Iodine edge were used to
segment sand and voids, while images above the Iodine edge facilitated
gas segmentation, whereas the image difference was used for brine
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phase segmentation (Ham et al., 2004). For sand-kaolinite samples,
voxels below —150 CT Number were labeled as the gas phase, whereas
voxels below —200 CT Number for sand-montmorillonite samples were
labeled as the gas phase. The selected voxels were given a value of 1,
representing the first phase. Values above —150 and below 25 CT
Number were assigned as brine for the kaolinite samples; while for the
montmorillonite, a range between —200 and 0 CT Number represented
brine and was allocated a value of 2. Fines were segmented using the
method of Jarrar et al., 2020 who demonstrated that in similar systems,
fines can be extracted from the change in voxels intensity. DECT was
used to isolate fines using density variation resampled in voxels CT
Number, by conducting arithmetic operations on images of high and low
energy levels. The operation was employed over cubical REV regions to
overcome local intensity changes (Jarrar et al., 2021). This was done
only to observe the fines’ location through the DECT technique. Later in
the analysis, fines will be allocated to brine to study gas disconnections
and the change in pore morphology through pore networks. Fines phase
in the kaolinite and montmorillonite were respectively selected as 25 to
125 CT Number and 0 to 150 CT Number, then assigned a value of 4. The
sand phase was selected with values larger than 125 CT Number for the
kaolinite and 150 CT Number for the montmorillonite column as illus-
trated by the largest peek in Fig. 4-f.

Following image segmentation, pore networks were generated fol-
lowed by single and multiphase permeability simulation. Finally, vari-
ation in gas ganglions due to the presence of fines with different contents
and types was quantified., separate gas ganglia were given distinct labels
to quantify ganglia volume distribution in each system (shown as
different colors in Fig. 13).

3. Results and discussion
3.1. Pore morphology
The gradient of capillary pressure within microscale pores in sedi-

ments dominates the mass transport, hence, the capillary pressure
equation governs the multi-phase flow at the reservoir scale. The
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Fig. 3. Sample of filtration showing image and the corresponding histogram, (a) raw grayscale section before filtration, while (d) the corresponding histogram for the
intensity values of voxels in the raw 3D image. (b) and (e) demonstrates the effect of the Anisotropic diffusion filter on the image and distribution of intensity values,
noise inside of each phase is filtered while edges with high contrast are preserved. (c) and (f) depicts how the median filter attenuates high frequencies using voxels

median CT Number making each phase more distinct than the previous image.
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Fig. 4. Filtration and segmentation of a 3D raw image. (a) Raw image, (b)
filtered image, (c) segmented image showing different phases in the system, (e)
histogram of raw image, (f) histogram of the filtered image showing different
phases that have been isolated, (g) phases are segmented to gas (gray), water
(blue), sand (yellow), fines (red).

capillary pressure can be calculated from the following capillary pres-
sure relation:

_20cos 0
‘" R

(2)

where P . is the capillary pressure, o is the interfacial tension between
fluids, 6 is the contact angle, and R is the pore-throat radius. Eq. (2)
demonstrates that the most effective spatial geometrical predictor of
capillary pressure is the radius of the pore-throat where multi-phase
flow occurs. Thus, the complex geometry of the pore morphology can
be simplified using pore networks (Al-Raoush and Willson, 2005; Oren
et al., 2007). Pore networks are used to fill an irregular pore space with
simple spheres (pores) and connecting cylinders (throats). A pore
network was generated for the samples at each gas injection stage, to
understand how the CO5 flow changed the pore network statistics of the
system, and to conduct flow simulation and quantify the change in
permeability. A sample of a generated pore network is shown in Fig. 5.

Fig. 5 illustrates a pore network generated using a grain-based al-
gorithm (Bakke & @ren, 1997, 2002). The algorithm only uses the 3D
geometry of the void space, starting by constructing a skeleton of the
central line of the porous media, then the intersection points are grown
to spheres in 3D. Then, the inscribed sphere radius increases until a sand
grain is contacted. Grain-based algorithms are documented to be the
most suitable to model unconsolidated sand samples, with minimum
overlap with the sand grains compared to other methods (Xiong et al.,
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2016). Additionally, the generated pore network only consists of simple
spheres and connecting cylinders representing the governing morpho-
logical parameter (radius) which controls the flow through sandy sedi-
ments. This method results in a simple model that can be used to perform
efficient computer-based flow simulation experiments. Fig. 5-d demon-
strates how the model is effective in fitting spheres and cylinders to the
exiting pore space. The fractured system of 6% kaolinite represents a
critical case where a fractured throat has a radius similar to pores, which
is an accurate simplification for a fractured region, demonstrating the
capability of gauging changes in pore morphology for the sandy porous
media in this study.

Fig. 6 shows the distribution of throat radii for all 24 generated pore
networks. Generally, as fines content increases, the extent of deforma-
tion to pore morphology increases as gas flow induces fines migration.
Also, higher fines contents result in skewing the distribution toward
lower throat sizes and higher throat numbers, indicating that throats get
divided due to fines migration and clogging. For instance, in the 4%
kaolinite sample, as more gas is injected from stage 1-4, the radius mode
declined from 17 pym to 13 pm, with throats counts rising from 16
thousand to 18 thousand throats. Indicating that throats constricted and
were split changing the pore network morphology due to gas injection.
For applications such as hydrates production, where low confinement
pressure is expected, CO; gas injection or the release of natural gas can
displace fines, clogging the throats, resulting in the dislocation of sand
grains, which is characterized by the change in the pore morphology in
Fig. 6. Such effect starts from 4% kaolinite (>0.19FC*) and 3% mont-
morillonite (>0.33FC*). More importantly, as the throat size to fine
particle size decreases with CO injection, more clogging occurs. Be-
sides, throat radius distribution is bimodal throughout gas injection at
2% content. Yet changing gradually from bimodal to unimodal during
injection at 3-4%. At 5-6% the change to unimodal occurs at the first
instant of gas injection, the fluids interface sweeps highly concentrated
fines thus clogging throats, altering pore morphology majorly toward
smaller throats while opening few large flow pathways.

Fig. 7 uses pore network statistics to gauge the effect of sand
movements during gas injection over different fines types and contents.
Fig. 7-a shows that at low to middle fines content (<0.28FC* for
kaolinite and <0.55FC* for montmorillonite), the mean radius of the
throats gradually declines. While in samples with high fines content, a
rapid fall in throat radii is observed at the first gas injection in stage 2,
then as additional gas enters the sample in stage 3 a rapid radii increase
is seen. Followed by a decline when gas pressure is raised at the last
stage, while Fig. 7-b exhibits an identical behavior for throat lengths
along with Fig. 7-c for pores radius. Having multiple columns (6%
kaolinite and 5% montmorillonite) confirms that this unique pattern is
due to fines, which are observed for the first time and of substantial
scientific value. The coordination number in Fig. 7-d, is the number of
throats attached to a pore, where the mean value was around 6 for all
samples, dropping to 5 temporarily upon gas injection in sediments with
high fines content.

But returning to 6 as injection continues. No universal relation was
detected for the change in mean coordination number over the steps of
gas injection at different fines contents, this might be caused by the large
number of pores in the sample, normalizing insignificant changes at the
system level. This experimental finding of the change in average coor-
dination number of pores due to sand displacement under hydrody-
namic forces is consistent with CFD-DEM simulations where dislocations
in sand arches and skeletons were studied and a fluctuation of coordi-
nation number was observed (Song et al., 2021).

Fig. 8-a presents the change in the number of throats per system
while Fig. 8-b is for the number of pores. The 4% kaolinite and 3%
montmorillonite samples show a steady upsurge in the count, while the
6% kaolinite and 5% montmorillonite samples exhibit a rapid rise then a
fall followed by a systematic rise. This is caused by sudden movements of
sand grains that divided pores and throats, thus raising the count. In the
majority of samples, as gas flows and mobilizes fines, the throats number
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increases due to settlement because of sediments’ consolidation. Fig. 8-c
demonstrates that permeability declines as more gas enters the samples.
Not including the 6% kaolinite sample (with the highest fines content),
because a fracture developed. Thus, as more gas is injected, the fractured
aperture widens, therefore, increasing the permeability, Han et al.
(2018) found that if 1% of fines leaves the system, permeability can
improve by 30% in hydrate-bearing sediments, which agrees with the
results. However, the 5% montmorillonite system had a decrease in
permeability followed by a slight increase, which is due to a drop in
throat radius. These findings agree with studies that found that hydro-
philic fines can detach gas ganglions (Wan and Wilson, 1994), while
hydrophobic fines cause fractures in unconsolidated sand (Jarrar et al.,
2020).

Next, two-phase flow through pore networks is simulated to generate
relative permeability curves using the model of (Ruspini et al., 2017).
The flow simulation uses the network geometry and the media contact
angles (15°-35°), along with fluids properties like density, interfacial
tension (0.07 N/m) and flow direction to simulate drainage and imbi-
bition. For the 4% kaolinite sample (Fig. 9), as gas injection stages
develop from 1 to 4, water relative permeability (krw) increases by 5%
while the gas relative permeability (krg) declined, suggesting that as
more gas flows in the unconsolidated media, the krg is reduced for water
flooding experiments. The latter point was observed by (Xiong et al.,
2016), where maximum krg dropped as pore morphology shrank and
fines content increased. The model accuracy was validated by the
variation in irreducible gas saturation after flooding the pore space in
Fig. 9, which changes from water saturation of 0.82 to 0.7 between
initial and final stages due to fines migration, which agrees with the
labeled images results from the tomography experiments.

Moreover, Fig. 10 illustrates the montmorillonite 5% sample

Radius

(d

Fig. 5. A cut from kaolinite 6% stage 4, (a) sand grains, (b) pore space, (c) pore network, (d) sand grain and pore network.

drainage simulation. Near 0.9 water saturation (Sw), an upsurge is
observed for krw by 25% from the first gas injection stage. This com-
plements the observed increase in relative permeability of gas (krg)
between Sw = 0.3 to 0.1 (corresponding to the first pore morphology
change). Additionally, at 0.5 Sw, krg is found to rise gradually as stages
develop from 1 to 4. Therefore, the combined effect of fines and CO,
injection on sand dislocations and the corresponding change to pore
morphology was evaluated using pore networks and relative perme-
ability simulations. Next, the effect of fines type and content, on the
distribution of the non-wetting gaseous phase will be discussed.

3.2. Gas flow connectivity

Fig. 11 illustrates a direct observation of 3D sections from the to-
mography, the 6% kaolinite sample (left), the hydrophobic kaolinite
fines are observed at both the sand-brine and brine-gas interface, while
for the 5% montmorillonite sample (right), the hydrophilic montmoril-
lonite fines are observed mainly at the brine-gas interface. This agrees
with observations made by (Jung et al., 2018) on microfluidic models on
brine-gas interface sweeping. The fluids interface is the most important
mobilizer of fines from within the pores toward a production well (Bate
etal., 2022). This also agrees with Nishad et al. (2021) work that utilized
standard latex microspheres and water wet glass micromodels, where
the majority of particles were hosted within the water phase, however
3.4% of hydrophobic particles in the system were retained on gas-water
interface compared to 34.5% for hydrophilic particle, at a pH of 7 and
low salinity. While after drainage both particle types retain about 50%
of the remaining fines in the system on the gas-water interface.

Fig. 12 displays a 2D vertical section of all samples after the final
stage of gas injection. It is evident from the images how the gas invaded
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Fig. 6. Distributions of throat radii for all systems at CO, injection stages from 1 to 4, higher fines content results in skewing the distribution toward lower

throat sizes.

many small pathways that are distributed all over the sections of K2%
and M2%, as well for K4% and M3% where gas percolated in more
pathways. However, a gas-driven fracture developed at K6%, when fines
content increased, phenomena like throat clogging causes gas pressure
to increase locally mobilizing grains. The figure shows a noticeable
dislocation of the grains opening the main path for gas flow. It is noted
that because of throat clogging, there is no percolation of the gas other
than the main branch of the fracture. The sand fracture in K6% can open
space for more gas volume to flow, increasing the permeability, which

justifies the permeability jump in Fig. 8-c. Moreover, Fig. 12-M5% dis-
plays the formation of vugs which agrees with Khan et al. (2020) ob-
servations on the increase in vugs sizes due to fines migration. In
addition, Jung et al. (2018) observed that in sandy sediment cores,
undergoing hydrate dissociation, at a fines content of 5%, vugs start
forming, while at 6% fractures occur. Such phenomena were theorized
by Jung et al. (2018), as the gas-brine interface sweeps fines from within
the media during drainage (due to surface charge and capillary effects),
the content of fines on the interface surfaces increases, as well as the gas
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Fig. 7. Change in pore network properties for throats and pores from the initial stage for each system, showing the change over the 4 gas injection stages. (a) Is the
mean throat radius, (b) the mean throat length, (c) the mean pore radius, and (d) the mean coordination number (connected throats to a pore).

surfaces which will increase with drainage. When the content of fines on
the brine-water interface is low no dislocations in the sand will occur,
but as the content increase, fines will bridge and clog the throats,
causing the gas interface to push and displace sand grains.

Fig. 13 presents a visualization of the segmented gas phase after the
final injection stage for kaolinite and montmorillonite samples, each
separate ganglion is labeled with a different color. For the kaolinite
samples, the flow pattern changed from capillary fingering to stable
displacement and finally to fracturing, as the content of the fine changed
from 2% (0.1FC*) to 4% (0.19FC*) and finally to 6% (0.28FC*)
respectively. In the 6% kaolinite sample, the largest gas ganglion is
represented in green filling the fractured body. Hydrophobic fines
flowing through hydrophilic media, with contents above 5% can accu-
mulate at the brine-gas interface and clog the pores (Jung et al., 2017).
Gas ganglia of the montmorillonite samples change from stable
displacement to disconnected flow to finally disconnected vuggy flow as
the fines content increases from 2% (0.22FC*) to 3% (0.33FC*) and
finally to 5% (0.55FC*) respectively. The hydrophilic nature of mont-
morillonite caused fines to accumulate at the gas-brine interface, which

resulted in entrapping and detaching the gas ganglia (snap-off). Multiple
detached volumes of COy are shown in Fig. 13-M5%, where discon-
nected large vuggy pores were formed due to clogging, because the
brine-gas interface of ganglia displaced the sand grains. Such observa-
tions agree with the findings of Primkulov et al. (2021) who developed a
model based on Lenormand’s phase diagram, initially the flow pattern is
capillary, then as throats widen (via microfractures and vugs), the flow
regime change respectively toward stable displacement and discon-
nected intermittent cooperate pore filling. Moreover, Osiptsov (2017)
reported that a high ratio of fine particles is required to sustain fractured
flow as in K6%, otherwise a fracture can collapse (Lee and Babadagli,
2021), which explains the disconnected vugs at M5%.

Fig. 14 utilizes the label measurements to illustrate the volume dis-
tribution of gas ganglia, after the final injection stage for all samples. At
low fines contents (less than 4%), ganglia are fewer, larger and con-
nected; mostly single body as seen in K2%, K4% and M2%. As fines
content increases the gas bodies get divided and disconnected. For the
montmorillonite sample with high fines content (5%), the number of
disconnected ganglia is large, because of the formation of unconnected
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vugs. Such disconnected vugs can lead to higher bottom well pressures
which might impact hydrate equilibrium and therefore destabilize
reservoir structure (Chibura et al., 2022). Meanwhile, for the 6%
kaolinite sample, the ganglia stay connected with relatively larger vol-
umes because of microfractures. This shows that small changes to the
pore morphology of unconsolidated sandy sediments due to fines
migration, can adversely affect the connectivity of gas flow. Opposite to
observations of fines migration in consolidated rock samples, where
small pore morphology deformations do not alter the connectivity of
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Fig. 10. Relative permeability of water krw and gas krg, for all CO, stages at
5% montmorillonite column.

multiphase flow pathways (Hu et al., 2022).

Findings in this study provide guidance for safety and production
teams that operate sandy reservoirs. Pore compression was universally
observed for all systems due to gas injection, which induces multiphase
flow causing fines migration that alters the pore morphology of sedi-
ments (Gu et al., 2022; Zhang et al., 2022). Regions near wellbores must
be monitored as fines content typically increases radially with the flow
direction toward a production well and outward an injection well.
Findings reveal that hydrophobic clays (e.g., kaolinite) could contribute
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Fig. 11. 2D sections obtained from 3D tomography, hydrophobic kaolinite fines are observed at the sand-brine and brine-gas interfaces, while hydrophilic mont-

morillonite fines are observed at the brine-gas interface.
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Fig. 13. 3D visualization of segmented gas phase at the final injection stage, each separate ganglion is labeled with a different color. In systems with kaolinite, gas
flows in a connected body, as fines content increase the flow regime shifts from capillary to filling fracture body; while for montmorillonite the gas flow regime shifts

from connected to disconnected vuggy flow.
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to the formation of gas-induced fractures within sediments whereas
hydrophilic clays (e.g., montmorillonite) could contribute to the for-
mation of gas-induced vugs within sediments. This applies to vertical
wellbore regions along with reservoir regions above large horizontal
fracture networks. The presence of fines content of 6% kaolinite
(0.28FC*) or 5% montmorillonite (0.55FC*) is shown to cause structural
instability and may contribute to catastrophic geomechanical failure,
especially in shutoff events (Zhang et al., 2022). This is a crucial
observation for developing safety regulations for sandy reservoirs that
commonly inhabit hydrates (Cook and Malinverno, 2013). For produc-
tion teams, kaolinite is shown to lead to more connected gas flow
through fractures, while montmorillonite resulted in disconnected
intermittent gas flow due to the formation of disconnected vugs.

Limitations of this work include the use of repacked sand to simulate
sediments, and the use of tomography which has a limited field of view
at a specific resolution. Another limitation is the difference in the
driving forces behind fines migration induced by dissociated hydrate gas
and injected CO2. Although both include a multiphase flow of gas and
water along with the subsequent sweeping of the fluids interface, the
difference is manifested in the presence of hydrate as a phase. The hy-
drate phase provides support to sediments by carrying the overhead
stress and providing adhesion, limiting grains movement and restricting
the void space for fluids to flow through. The experiments in this work
depict the case in which hydrates have dissociated throughout a region
in the reservoir, studying how gas flow at sediments with low confine-
ment pressure couples with fines migration to change the pore
morphology.

4. Conclusions

The effect of fines on pore morphology and gas connectivity was
studied using unconsolidated sandy porous media. F75 silica sand was
mixed with kaolinite and montmorillonite at different percentages by
weight. It was then loosely packed in acrylic columns in five layers. The
columns initially were fully saturated with KI brine. The 3D recon-
struction was performed on saturated samples and after steps of CO, gas
injection. The acquired 3D images were filtered and segmented, pore
networks and permeability were simulated. The findings showed:

1 Generally, as fines content increases, the extent of deformation to
pore morphology increases as gas flow induces fines migration.
While higher fines contents result in skewing throat radii distribution
toward lower throat sizes and higher throat numbers, indicating that
throats get divided due to fines migration and clogging.

2 Montmorillonite clay generates vuggy pores with a detached gas
ganglion; while the kaolinite fines induce the development of
microfractures with connected main gas branches; these phenomena
are observed at 5% montmorillonite and 6% kaolinite.

3 At low to middle fines content (i.e., <0.28FC* for kaolinite and
<0.55FC* for montmorillonite), the mean throat radius gradually
decreases. While samples with high fines content, a rapid drop in
throat dimensions is observed after CO; injection.

4 The fines present in the system whether hydrophobic or hydrophilic
reduced the throat diameters, due to dislocations in the sand grains.

5 Using direct observations from the tomography images, hydrophobic
particles were observed at both sand-brine and brine-gas interfaces,
while hydrophilic clay was observed at the brine-gas interface.

6 Using pore networks and permeability simulations indicated quan-
titative and qualitative changes in the sand pore morphology under
low confinement pressure. The presence of low contents of fines in
sandy media generally reduces throat radii during gas injection, until
the content is high enough to induce clogging,

7 When clogging occurs due to fines migration from the gas injection,
sand dislocations and fractures open the main flow pathway for gas,
temporarily increasing the average throat radius of the pore network;
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until again more fines migrate and start to reduce the network
average throat radius.

8 For kaolinite, the gas flow pattern changed from capillary fingering
to stable displacement to finally fracturing, as the content of the fine
changed from 0.1FC* to 0.19FC* and finally to 0.28FC*, respec-
tively. While gas ganglia of montmorillonite samples change from
stable displacement to disconnected flow to finally disconnected
vuggy flow as the fines content increases from 0.22FC* to 0.33FC*
and finally to 0.55FC*, respectively.
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