
1.  Introduction
Gas bubbles in sediments (gassy sediments) are widespread in seafloors and lakebeds, and typically found in 
shallow (<100 m below surface, with exceptions of deep bottom-simulating reflectors) and fine-grained sed-
iments (Boudreau, 2012; Boudreau et al., 2005; Huang et al., 2004; Joyce & Jewell, 2003; Kellner et al., 2005; 
Valentine, 2011; Walter et al., 2006). Free gas in sediments results from the microbial decomposition of 
organic matter (CH2O, solid) into carbon dioxide and methane (methanogenesis), which can escape the 
seafloor as gas flares, accumulate as free gas and as hydrate, or be consumed in the sulphate reduction zone. 
It has been estimated that the accumulation rate of organic carbon in oceans is in the order of 0.1 GtC∙yr−1, 
while methane trapped as hydrate is in the order of 455 GtC up to 1,800 GtC (Ruppel & Kessler, 2017; Wall-
man et al., 2012 - see also; Boswell & Collett, 2011). Methane is a potent greenhouse gas. Even low amounts 
of gas released to the atmosphere can irreversibly affect global climate and the biosphere (Judd, 2003; Ken-
nett & Stott, 1991; Walter et al., 2006).

Gas flares are the telltale of gas activity in the seafloor. They have been observed in several oceans and 
water bodies (Dupre et al., 2015; Naudts et al., 2006; Riboulot et al., 2018; Romer et al., 2012; Scandella 
et al., 2011). Free-gas accumulations have been proposed as mechanisms of pockmarks, craters formation, 
and blow-outs (Chrisodoulou et al., 2003; Max et al., 1998; Sultan et al., 2014). Gassy sediments have a 
significant impact on seafloor geohazards and stability (Sultan & Garziglia, 2014). Gas exsolution in fine 
grained sediments creates large voids which modify their original mechanical properties, including: de-
crease of shear modulus and bulk modulus (Wheeler & Gardner 1989), a more contractive behavior while 
reducing its peak strength (Sultan & Garziglia,  2014), and a drop in pre-consolidation pressure (Sultan 
et al., 2012).

Sediment properties control gas nucleation and migration (Boudreau et al., 2005; Sills et al., 1991; Sun & San-
tamarina, 2019). Gas pore habit is defined by the counteracting effects of effective stress and pore-throat-de-
pendent capillary pressure. Fine particles (particle size <74 μm) have inherently small pore throats and 
high capillary pressure. A bubble formed in such conditions will displace the surrounding sediment cre-
ating gas filled voids. Conversely, clean sand (particle size >74 μm) with large pore throats (and thus low 
capillary pressure) will allow the new bubble to invade the neighboring pore without significantly affecting 
particle arrangement.
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Bubble nucleation, formation and growth in sediments is usually studied from the point of view of ten-
sile fracture governed by linear elastic fracture mechanics, in clean coarse particles or fine-grained ma-
trices (Clennell et al., 2000; Horseman et al., 1999; Jain & Juanes, 2009; Johnson et al., 2002, 2012, 2019; 
Jones,  1994; Li & Yortsos  1995; Satik et  al.,  1995; Sun & Santamarina,  2019; Yuan et  al.,  2016). Gas 
bubbles in sediments can be categorized as interstitial, reservoir and sediment-displacing (type I, II and 
III in Anderson et al., 1998) where the latter are most common. Experimental models showed contrast-
ing modes of bubble growth: fractured media in fine-grained and pore-invasion in coarse sediments 
(Type III; Liu et  al.,  2016,  2018). Yet, in nature, soils are rarely found as clean coarse or pure fines. 
The transition from interstitial to sediment-displacing gas modes is not entirely understood, however it 
plays a central role in the hydro-mechanical behavior in a wide range of engineering problems (Jang & 
Santamarina, 2011). In this article, we explore gas nucleation by CO2 gas exsolution in sediments and 
its consequent gas-driven fractures (open-mode discontinuities) or pore invasion. We develop a robust 
methodology to predict the pore habit of gassy sediments from its properties as defined in recent devel-
opments in soil behavior and characterization (i.e., Revised Soil Classification System [RSCS]). Finally, 
we extrapolate our analysis and results to explain and interpret a real case scenario offshore Vancouver 
Island (Cascadia Margin).

2.  Materials and Methods
2.1.  IFREMER Consolidation Cell

IFREMER’s consolidation cell (ICC) consists of a three MPa rated transparent test cell made of a Plexi-
glas cylinder and two stainless steel end caps (Figure 1, see also Blouin et al., 2019). A vertical plunger 
can be inserted from the top cap to apply vertical load to the specimen. Two porous steel discs placed 
on the lower pedestal and below the plunger allow free fluid flow through the sample from two ends. 
Pressure transducers in both inlets capture the changes in fluid pressure. Piezocrystals and bender 
elements immersed in the plunger and pedestal can propagate mechanical waves (Vp and Vs). A load 
cell and a linear variable differential transformer (LVDT) record the applied force and displacement, 
respectively. The vertical plunger builds up resistance force while loading due to pressure-dependent 
sealing o-rings located at the top cap and at the piston level. To account for this extra reaction, the load 
cell readout was calibrated from 0 up to 3 MPa water pressure and piston velocities from 0.005 mm/min 
up to 0.1 mm/min.
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Figure 1.  IFREMER’s acrylic consolidation cell. The equipment consists of a testing frame able to apply a vertical load to the sample through a plunger. A 
camera captures the soil response. Bender elements in the plunger and lower pedestal can generate mechanical waves. Forces and displacements are recorded 
by an external force transducer and LVDT respectively, while two transducers log the pressures above and below the sample. Two peripherals complement the 
testing device: (a) The saturation system (right hand side) by a CO2 storage tank and two intermediate containers for CO2−water saturation; (b) the mechanical 
wave recording system which consists of an all-in-one signal generator, a pre-amplifier and oscilloscope with direct communication to a computer.



Journal of Geophysical Research: Solid Earth

In addition, the friction between the sediment and the test cell wall (acrylic) can be significant for tall sam-
ples and low effective stresses (see Terzariol, 2015). Because the sample used in this study has a diameter of 
7 cm, and the height/diameter ratio spans from 0.57 up to 1.36, the correction for sediment-wall friction can 
be considered negligible (σ′ < 1 kPa).

The external force is applied and controlled by a low-deformation external frame. All sensors and peripher-
als are connected through this frame to a dedicated computer for load control and data storage.

The testing system is completed by the carbonated water-saturation system (Figure  1). It consists of an 
external CO2 gas cylinder connected to two half-filled transparent bottles with carbonated water. The re-
maining volume is completed with CO2 gas. Each bottle has an individual pressure regulator for safety and 
pressure control.

2.2.  Testing Soils

The unified soil classification system (USCS) utilizes the particle size 74 μm (sieve No. 200) to separate 
coarse and fine sediments (see also Park & Santamarina, 2017). The dominating forces acting in a particle 
significantly change in particle sizes in the order of 10s μm, from skeletal and self-weight forces (coarse 
particles) to electrically dominated capillary forces (fine particles; Santamarina et al., 2001). Thus, we use 
the 200-aperture sieve size as the threshold for coarse and fines particles. To prove this study’s applicability, 
we selected two soils just above and below this boundary: Fine sand and kaolinite. The size ratios between 
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Figure 2.  Testing soil geotechnical properties. (a) Kaolinite SEM image. (b) Sand SEM image. (c) Grain size distributions. Typical limits are superimposed 
(USCS). (d) Roundness R and sphericity S for sand particles by image processing of 120 particles (R and S computed as suggested by Zheng & Hryciw, 2015).
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particles are: D50
coarse/D50

fine ≈ 30 and D10
coarse/D50

fine ≈ 20. Figure 2 and Table 1 summarize their individual 
geotechnical properties.

2.3.  Testing Procedure

Let us consider a binary sediment mixture where the fines content (FC) is expressed as the mass of fines 
(MF) divided by the total sediment mass (TM) (FC = MF/TM). To study the impact on the soil skeleton due 
to gas exsolution, nucleation, invasion, and open-mode discontinuities in binary mix soft sediments, we 
selected a broad range of FC: 0%, 1%, 2%, 10%, 15%, 20%, 25%, 30%, 35%, 50%, 60%, and 80%. Each sample 
was subjected to effective stresses: 0 (or self-weight), 100, 200, and 500 kPa. The testing procedure is sum-
marized hereafter:

1.	 �Preparation stage. The coarse-fine mixture is dry-blended. To avoid differential sedimentation, the mix 
is poured into ICC by 5 mm layers at the time. At each layer, the sample is mixed with carbonated water 
at atmospheric pressure. Once the sample is fully poured, the ICC is completed with carbonated water. 
The sample pore fluid is then pressurized for at least three days under no external vertical load to ensure 
gas dissolution.

2.	 �Saturation stage. The sample is permeated with carbonated water under 1 MPa pressure until a full vol-
ume of pore fluid is replaced. The sample is left to rest for at least one day.

3.	 �Loading stage. We apply the desired vertical load and allow consolidation to take place by controlling 
the sample deformation.

4.	 �Degassing stage. The process of degassing involves the decrease of pore-water pressure (from the top 
of the sample only), and simultaneously maintaining the vertical effective stress. A camera on the side 
of the ICC records the full exsolution/expansion/invasion process. In the case of no external load ap-
plied, the sample deformation (and void ratio computation) is estimated by image processing (boundary 
tracking).

5.	 �Re-loading. The pore fluid is re-pressurized to 1 MPa and left to rest for at least one day to ensure disso-
lution. Then, steps 2, 3, and 4 are repeated for a new load.

6.	 �Steps 1–5 are repeated for each FC.
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Property Sym. Kaolinite (a) Sand (b) Testing method

Particle size D50 7.07 μm 210 μm ASTM D421 (ASTM, 2007a) and ASTM D422 
(ASTM, 2007b)D10 1.95 μm 145 μm

Cu 4.48 1.55

Cc 1.12 1.05

Liquid limit LL 59% – Fall cone – code: BS 1377–2 (British Standard (BS), 1990)

Plastic limit PL 35% – ASTM D4318-17 (ASTM, 2017)

Roundness R – 0.4 SEM images and postprocessing (Zheng & Hryciw, 2015)

Sphericity S – 0.7

Specific surface Ss 9 m2/gr 0.01 m2/gr Kaolinite: From supplier datasheet

Sand: Ss = 6/(D50∙ρwater∙Gs) (Santamarina et al., 2001)

Compressibility Cc 0.5 – ASTM D2435/D2435M-11 (ASTM, 2011).

Cs 0.058 –

Void ratio emax e10 kPa = 2.3 emax = 0.75 emax and emin estimated from R and Cu (Youd, 1973):

  
0.154 0.5220.032c

max
u

e
R C

emin e1MPa = 0.86 emin = 0.43
   

0.082 0.3710.012c
min

u
e

R C

aProducer: SOKA (Societe Kaoliniere Armoricaine). bProducer: SIBELCO FRANCE.

Table 1 
Testing Soils Geotechnical Properties
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It is worth noticing that in most of the tests carried out, some of the bubbles formed in previous scars left 
in the previous degassing stage. Nevertheless, the results shown in the next section consider only those 
bubbles newly formed in the skeleton matrix for the current degassing stage. In addition, to confirm our 
results and to avoid history-dependent scars, we re-ran the case of FC = 80% with fresh samples showing 
the same outcome each time.

2.4.  Image Binarization and Pixel Count Normalization

As exsolution takes place, the camera records video at 30 frames per second, at a resolution of 1,280 × 720 
pixels. Each frame is extracted and tagged with video time, elapsed test time, and fluid pressure. The fol-
lowing steps summarize the procedure: (a) we select and store one image every 3 kPa of fluid pressure drop; 
(b) crop a small section which shows a new bubble forming that best represents the general behavior of the 
sample; (c) subtract each image with respect to the one at t = 0; (d) binarize the result by a unique threshold 
value into black and white pixels; (e) we count the amount of black pixels in each image. Black pixel count 
represents a semi-quantitative change in the sample due to gas exsolution with respect to the original state. 
Corrections due to the curved surface of the ICC in the horizontal scale were not performed in this study. 
In cases where there is higher quantity of gas available (i.e., large void ratio), the external light is brighter, 
initial sample imperfections or poor contrast, the amount of black pixels might not be comparable for dif-
ferent tests. To avoid these issues, we report normalized pixels count as the sum of black pixels divided by 
the total amount of pixels per image.

In addition, to determine global void ratio for the case where the plunger was not in contact with the sam-
ple: we tracked its expansion while the bubbles were forming via image processing. Then, we followed a 
similar procedure as the one described above, but this time the threshold was set to discern the boundary 
between the sediment and the water column. Void ratio is then computed from the evolving total volume 
and the sediment mass.

3.  Results and Analyses
3.1.  Mixed Soils Compressibility

FC affects the sediment geo-mechanical behavior. Figure 3 summarizes each test results in terms of its com-
pressibility index (Cc) and void ratios. In a coarse-dominated sample, compressibility will resemble that of 
sand, while at higher FC, it increases with the amount of kaolinite. Between 20% and 40% of FC, the partial 
filling of large pores by fines increases global deformability.

3.2.  Nucleation Patterns

Figure 4 shows a typical degassing test for pure sand (0% fines). While at the degassing stage, we tracked chang-
es in the sample via video imaging. Initial imperfections in the sample were used to help with particle tracking.
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Figure 3.  Geo-mechanical behavior of binary mixed samples (kaolinite and fine sand). (a) e-σ′ plots for each fines content (FC). (b) Compressibility index 
as a function of FC. The transition observed in Figure 5 is superimposed. At low FC the sample behaves as a coarse skeleton, while at high FC they displace 
the coarser particles, thus its compressibility increases. (c) Global void ratio e at low and high effective stress. The total deformation is evidenced by the black 
arrows.
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Forty-eight degassing tests were performed in this study. As expected, under no applied effective stress and 
for all FC, every sample reacted by opening a gas-filled void (grain-displacive): as pressure drops, gas comes 
out of the solution, nucleates in pores, and expands to form a cavity. The bubble expands radially until the 
air entry pressure is reached and invades the soil as an open-mode fracture (Figure 4b).

However, when an external load is applied, we observed different behavior and patterns at low, medium, 
and high FC (Figure 5):

3.2.1.  Below 20% Fines

At a low-FC and at any applied load, the gas nucleated in pores does not open a cavity but instead invades 
the soil matrix in a pore-invasive mode. The gas advances faster than the case under no external load. After 
the degassing stage, the sample resembles an unsaturated sandy sediment (Figure 5, left panel, FC = 10%).

3.2.2.  Above 40% Fines

At a high-FC, the behavior is fundamentally different. The gas nucleates in small pores and then expands, 
displacing the soil matrix (Figure 5, right panel). Smaller bubbles could also have been formed, albeit invis-
ible to the naked eye.

3.2.3.  Between 20% and 40% Fines

In the medium range, grain-displacive or pore-invasive mechanisms are not evident. Instead, bubbles tend 
to appear dispersed in locally coarser particle patches (Figure 5, middle panel). Free gas accumulations tend 
to be vertical rather than horizontal. The new bubble expands by invading the neighbor pore throat until it 
reaches a locally fine-dominated matrix which cannot invade. Then, the bubble become mobile and tends 
to escape upwards. This could be explained by the coalescence of neighboring bubbles. This can be seen in 
the pixels count for 25% fines and 100 kPa of effective stress (middle panel, Figure 5): after the gas nucleates 
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Figure 4.  Typical degassing test (FC = 0%, and no external load applied, i.e., self-weight). (a) Full sample picture at 500 and 50 kPa of fluid pressure. (b) Image 
progression from 500 to 50 kPa of fluid pressure paired by its binary representation. (c) Test progression as logged. A jump in void ratio at minute 5 represents a 
bubble escape. From each binary image, we monitor the sample behavior by the total pixels count, and it is plotted against its current fluid pressure.
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at about 50–100 kPa of fluid pressure, a bubble escapes, decreasing rapidly the total number of pixels. This 
transition is superimposed in Figure 3.

A normalized pixel count summarizes the behavior of every test in Figure 6. To simplify the analysis, we 
divided the observations into three categories (based on visual inspection): grain-displacive, pore-invasive, 
and transitional. The first case can be found in all samples where no load is applied, and at high FC (blue in 
Figure 6), while the pore-invasive mode is dominant in low FC (FC ≤20%, red in Figure 6). An increase of 
applied load also delays the increase on pixel counts since it decreases the pore space, and consequently, the 
pore throat. The new bubble will require higher internal pressure to overcome the new capillary pressure 
counteracting its expansion.

To understand sediment expansion while degassing, we track void ratio change. In this case, we measured 
the global void ratio e from the total mass and the total volume occupied by the sample. At the start of 
each test, the pores are filled with carbonated water; thus, its concentration is the same in every test. How-
ever, since finer sediments usually have higher void ratios, there would likely be more CO2 gas available 
to expand while degassing. To avoid this issue, we defined a new coefficient named Degassing Expansion 
Coefficient (DEC) as the ratio of sample expansion due to degassing with respect to the initial global void 
ratio:


 f i

i

e e
DEC

e� (1)

where ef and ei are the final and initial global void ratio respectively in each degassing test. Figure 7 shows 
the behavior of each test under effective stress. Under no external load (self-weight), the sample can expand 
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Figure 5.  Gas exsolution, nucleation and expansion behaviors for low, intermediate, and high fines content (FC) at self-weight and 100 kPa of applied load 
(effective vertical stress σ′). Under no applied loads, the gas expands and create a gas-filled void in a typical grain-displacive manner. When a load is applied: At 
low FC, the bubble expands by invading pores; at high FC by creating fractures; and at intermediate FC, by local coarse-dominated passageways.
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freely; the DEC is similar in all FC: grain-displacive behavior is dominant. When an external load is applied, 
the DEC absolute value is lower than the self-weight case, as expected. There is a slight trend of an increase 
in DEC with the increase of FC. This can be explained by considering that the grain-displacive mode is 
dominant at high FC, and a gas-filled void will render higher final global void ratios. Conversely, higher ver-

tical loads will counteract the expansion of a bubble (open-mode), thus 
keeping constant the DEC. At low FC, the gas expands into pores, hinder-
ing a global change in void ratio.

3.3.  Gas Exsolution Impact on the Soil Skeleton

Degassing could alter the soil structure. Shear-wave measurements can 
provide essential insights into pore habit. Low FC samples (FC  <  20% 
in this study) experience both behaviors (grain-displacive and pore-in-
vasive), thus we chose the case of clean sand to conduct shear-wave 
testing. Under the self-weight condition, the plunger is gently placed 
on top of the sample until the bender element is fully inserted without 
load transfer. As degassing proceeds, the bubble expands to form several 
grain-displacive voids. These gas-filled pockets could explain the lack of 
wave propagation at low fluid pressure (Figure 8). Under vertical load, 
the bubble forms and invades the neighbor pore and “dries” the sedi-
ment, thus water saturation decreases and interparticle forces increase. 
This effect is clearly reflected in the increase of shear wave velocity as the 
fluid pressure decreases, i.e., a stiffer skeleton (Figure 8; see also Cho & 
Santamarina, 2001; Whalley et al., 2012; Santamarina et al., 2001). The 
inflection point in shear-wave velocity appears at lower fluid pressure 
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Figure 6.  Testing summary on this study for every fines content and effective stress. Colors represent degassing habit behavior: Grain-displacive (blue), pore 
invasive (red), and transitional (green).

Figure 7.  Degassing Expansion Coefficient (DEC). DEC is defined in 
Equation 1 as an estimation of the global soil expansion. Colors represent 
vertical effective stress. An increase of effective stress hinders bubble 
expansion. Black bars denote measurement errors.
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when the effective stress increases (points 1, 2, and 3 in right panel in Figure 8; see also Figure 6). It is worth 
noticing that in the case of fine-grained matrices, gas expansion is expected to damage the soil skeleton, 
thus decreasing shear-wave velocity.

4.  Discussion: Gas Exsolution Driven Behavior
4.1.  The Role of Fines

A small amount of fines can impact the dominant behavior of a mixed specimen (RSCS, Park & Santam-
arina,  2017; Park et  al.,  2018). In extreme cases (such as clean coarse or pure fines), the soil properties 
are clearly defined by those fractions (Figure 9). However, the amount of fines from coarse-dominated to 
fine-dominated behavior is not unique. The fine fraction boundaries of such transition can be defined as the 
void ratio of the compacted fine fraction (fine load carrier) and the void ratio of the densely packed coarse 
fraction (coarse load carrier). Their determination is critical for soil behavior prediction. The boundaries of 
the transition can be computed from each fraction void ratio (ec = coarse fraction void ratio and eF = fine 
fraction void ratio; Park & Santamarina, 2017):

 1
mech C

F
C F

eF
e e

≌� (2)

The RSCS suggests the void ratios to use for each boundary. The first (densely packed coarse), can 
be  found when ec  =  emin and eF  =  e10  kPa; while the second boundary (compacted fine fraction) is 
ec = 1.3∙emax and eF = e1 MPa. In this study emax, emin were estimated from particle roundness R and coef-
ficient of uniformity Cu; e10 kPa and e1 MPa were extracted from the consolidation tests results (Table 1). 
Plugging these values into Equation 2, we found that for the binary testing soil the skeleton is fine-con-
trolled when the FC is higher than 35% (Figure 9e), while it is coarse-controlled when lower than 15% 
(Figure 9b).
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Figure 8.  Soil skeleton behavior. Cascade of shear wave signatures for the degassing progression test of fines content (FC) = 0%. As degassing progresses, the 
sample with carbonated water creates large voids not allowing the wave to propagate (loss of signal). When a load is applied, shear wave velocities (vs.) tend 
to increase as unsaturation takes place. However, high loads can hinder this behavior since the pore throat size depends on the effective stress, shifting the 
inflexion point down to 200 kPa (points 1, 2, and 3; see also Figure 6).
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Our results show a clear transition zone in bubble growth and invasion (Figures 3–6) from FC = 20% up to 
35%–40%, which compares well with the boundaries of the transition zone computed by Equation 2.

4.2.  Pore-Invasive Versus Grain-Displacive

Gas-filled fractures are expected when the internal pressure exceeds the minimal effective stress and skel-
eton tensile strength. Since these are usually unknown or difficult to obtain under in-situ conditions, we 
use vertical effective stress as a first-order approximation instead. Grain-displacive occurrence in sediments 
results from two competing forces: capillary pressure Δu and effective stress σ′. We can estimate the local 
behavior: higher capillary pressure with respect to the effective stress Δu > σ′ will create elongated openings 
(grain-displacive), while the opposite condition Δu < σ′ will allow gas to permeate through the soil matrix 
(pore invasive, see also Dai et al., 2012; Terzariol et al., 2020).

The RSCS helps defining the boundaries at which the load-carrying fraction is dominant. Then, capillary 
pressure can be computed from the dominating pore-throat size (or estimated from the pore size). Pore 
diameter dp can be estimated from Specific Surface Ss, mineral density ρm and void ratio e (see Santamarina 
et al., 2001 and Terzariol et al., 2020 for details):

  
2.4: p

s m
for coarse loose spheres d

S
≌� (3)

 






2: p
s m

efor fines plate like d
S

≌� (4)

Then we can compute the capillary pressure Δu from the surface tension Ts (CO2 and deionized water in this 
study, adopted as 72 mN/m; Kim et al., 2019) and the pore diameter dp:




4Δ s

p

Tu
d� (5)
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Figure 9.  The role of fines on degassing: Mechanical properties, hydraulic conductivity, and pore habit (after Terzariol et al. 2020). Top images represent the 
theoretical behavior on each fines content, as conceptualized in the Revised Soil Classification System (Jang & Santamarina 2016; Park & Santamarina, 2017). 
Global void ratios depicted in the lower section are the measured initial void ratios in this study.
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Final capillary pressure is computed by substituting Equation 3 or Equa-
tion 4 into Equation 5. In this work, clean sand renders a constant value 
of Δu = 3.18 kPa. In the case of kaolinite, since void ratio varies with 
effective stress, capillary pressure can be computed as Δu = (7.5 MPa)/e. 
When effective stress is lower than capillary pressure, a grain-displa-
cive mechanism can be expected: gas exsolution produces fractures up 
to 9 MPa of effective stress in kaolinite, while in clean sand, a pore-in-
vasive mechanism is dominant from about 2 kPa of effective stress. We 
superimposed our observations to this analysis for each binary mixture 
(Figure 10), which shows a good agreement. The capillary pressure for 
each test was computed from Equations  3 and  5 for sand-dominant 
(FC < 25%), and Equations 4 and 5 for clay-dominant (FC >35%) samples. 
For the transitional case, we weight averaged Ss with respect to FC (see 
also desiccation cracks below the surface, Zhao & Santamarina, 2020).

The analyses proposed in this article disregard time-dependent water 
diffusion into the sediment, 3D effects, volume contraction (bubble-sed-
iment) and gas solubility upon degassing. Open-mode fracture initiation 
is the consequence of complex hydro-mechanical coupling that exceeds 
the scope of this study. However, the particle-scale approach we suggest 
helps understand the main driving mechanisms and estimate the essen-
tial processes in sediment degassing.

4.3.  Implications

An expanding bubble in fine-dominated sediments could damage the soil 
skeleton, thus lowering its strength resistance and stiffness. However, in 
coarse-dominated sediments, the gas bubble invades pores without sig-
nificantly modifying its structure.

The proposed approach complemented with indirect observations (seismic data, gas fronts, and gas flares), 
can help us estimate and identify subsurface processes. Consider a gas bubble in a sandy layer confined 
below a gas-tight horizon. In the deeper boundary, thanks to its large pores, the capillary pressure can be 
considered negligible, thus the gas shares the same pressure as the surrounding water. The bubble is not al-
lowed to escape, thanks to the capillary pressure (Δc) in the overlying layer. Thus, the internal gas pressure 
is given by (see Appendix for derivation):

          w b gas bu z g z g z z� (6)

where ρw is water density, ρgas is the gas density and depths z are defined in Figure A1. The permeable layer 
skeleton is also subjected to unsaturation (supported in this study by the increase in shear wave velocity in 
Figure 8). The final effective stress inside the bubble must be computed from Equation 6.

4.4.  Case Study: Cascadia Margin

To broaden and extrapolate our experimental data to natural systems, we applied our approach to the 
permanent and transient gas flares offshore Vancouver Island (Romer et al., 2016). Here, gas flares reach 
about 700 m in height, bubbling at 1,250 m below sea level. We divided the study area into four main zones 
(Figure 11a): (a) Zone A, where gas hydrate accumulates at shallow depths; (b) Zone B, characterized by 
permanent gas flares (named “Gastown Alley”) and seismic blanking at 20 m below seafloor; (c) Zone C, 
where the gas front in the sediment is not evident and transient gas flares are present; and (d) Zone D, a 
second permanent flare site (named “Bubbly Gulch”), where gas-rich sediments pinch-out into the water 
column.

We complemented this study with core data from the Deep-Sea Drilling Project (DSDP) Sites 889 and 890 
(Westbrook et al., 1994, Figure 11b). Although these sites are located about 1.5 km from the study area, 
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Figure 10.  Pore invasive versus grain-displacive summary. Clean sand 
and pure kaolinite are computed from Equation 5. Pure kaolinite will 
display gas-filled voids upon degassing up until 40 MPa of effective stress. 
Clean sand in this study behaves as grain-displacive under self-weight 
condition while it is pore invasive under external loads (see also Figure 5). 
Circle, square and cross markers represent the observed grain-displacive, 
pore-invasive and transitional behavior respectively. Mixtures FC <25%, 
capillary pressure was computed as clean sand, however they were slightly 
shifted vertically for visualization purposes.
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we assume similar soil descriptions and properties with the differences shown in the previous paragraph 
(Zones A to D). The DSDP described the top 20 m as clayey silt, followed by a ∼40 m silty clay interbedded 
with sandy layers. The next layers correspond to silty clay (40 m thick), clayey silt (20 m thick), and silty clay 
with diatoms (>50 m in thickness). Unit weight ranges from 16 up to 19.5 kN/m3 throughout the profile. No 
information was reported regarding specific surface Ss. However, we estimated Ss as a weighted average of 
typical values from sand content and fines mineral composition. We then computed effective stress σ′ from 
depth and unit weight, and capillary pressure Δu from Equation 5. Results are highlighted in a blue and red 
profile in Figure 11b.

Our analysis shows that grain-displacive behavior is expected for most of the profile. Nevertheless, the 
low capillary pressure in the thin sandy layers promotes a pore-invasive mechanism. Blanking in the 
seismic profile and an increase in methane concentration at 20 m below seafloor in Zone B (Figure 11b) 
suggests a gas front at this depth. The clayey silt above might act as a seal. At this depth, we estimate a 
capillary pressure of 1 MPa. Assuming a gas density and water density of 90 and 997 kg/m3, respectively, 
we expect a bubble height in the order of 110 m (Equation 6; Figure A1). Although the existence of a 
massive grain-displacive bubble of such magnitude is unlikely, we can envisage a sediment matrix filled 
with gas-filled voids which occasionally transfer pressure from one void to another. This estimation fits 
well with the observed gas-driven fractures in the drilled core pictures and the constant decrease of 
methane concentration down to 120 m below seafloor (Figure 11b; Westbrook et al., 1994). If we assume 
that the bubble is located on the northern side of the study area below Zone A, then gas flares in Zone 
B can be explained by an open-mode fractured top clayey silt (grain-displacive mechanism). The sandy 
layers in the silty clay (red areas in the last profile in Figure 11b) can act as high permeability lateral 
pathways for gas to flow horizontally toward the “Bubbly Gulch” area (Zone D). This discharge area is 
in equilibrium with the water column (hydrostatic pressure), while below the seal in Zone B, the gas is 
over pressured at least at Δu = 1 MPa (above the hydrostatic). Under this assumption, the gas-carrier 
coarse-dominated layers decrease its pressure from Zone B up to Zone D, thus hindering an escape 
through Zone C.

Measurements during Leg 146 also show an increase of thermogenic methane concentrations starting at 
130  m below seafloor, which could be interpreted as a second bubble trapped at that depth. When this 
bubble finally breaks through and reaches the one on top, the newly formed bubble could increase the lo-
cal gas pressure allowing gas to escape through other areas such as Zone C, hence explaining its transient 
condition.

TERZARIOL ET AL.

10.1029/2020JB021511

12 of 16

Figure 11.  Case study: Cascadia Margin gas flares. (a) Interpreted seismic cross section of the study area (after Romer et al., 2016). (b) Selected profiles from 
sites 889 and 890 (Deep Sea Drilling Project; Westbrook et al., 1994): Sand content, core description, methane concentration, void ratio, estimated specific 
surface, computed effective stress, and interpreted Δu/σ′.
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5.  Conclusions
This study explored the habit of gas bubbles in sediments as a function of FC. An image processing tech-
nique was devised to follow degassing patterns in carbonated water-saturated samples under effective 
stresses up to 500 kPa. Based on visual observations, we compiled our results into three categories of bubble 
growth: grain-displacive, pore invasive and transitional.

Our results and analyses confirm that bubble habit depends on the capability of gas to invade neighboring 
pores (capillarity) and burial depth (effective stress). In binary soils, the pore throat size is not unique. 
To estimate pore habit, we suggest first determining the load-carrying fraction (via RSCS), estimating the 
capillary pressure from this fraction and then comparing it with in-situ effective stress: when the effective 
stress is higher than the capillary pressure for the load-carrying fraction, then a pore-invasive behavior is 
expected. For the soils used in this study, FF

mech spans 20%–35% and show a good agreement with the de-
gassing tests. Cases where FC > 35% open-mode discontinuities were consistently observed. This led to the 
identification of a transitional FC where either behavior can be expected.

The results of this study also emphasize that special attention must be considered to determine in-situ stress 
and behavior for sandy-gassy sediments. Bubbles are likely to be over pressured by a magnitude proportion-
al to its height.

Finally, we utilized this approach in a real case study to understand the sediment behavior and gas flares. 
Our results helped understand subsurface gas activity in a natural environment, highlighting the potential 
passageways and conditions for stagnant bubbles to form and escape from the seafloor.

Appendix A:  Derivation of Fluid Pressure in Confined Gassy Sandy Sediments
Consider a gas stagnant bubble of height h (h  =  zb−zt) in a sandy layer topped by gas-tight horizon 
(Figure 11). The pore water distribution around the bubble and the gas inside the bubble will follow 
the gravitational slope (uw = ρw·g·z and ugas = ρgas·g·z). At the lowest point of the bubble, the pore water 
outside the bubble will be in direct contact with the gas. Since the layer is assumed coarse, the capillary 
pressure is negligible. Thus, at this point (z = zb) the pore water and the gas pressure can be equalized. 
In order to equate both equations, we will shift the gas pressure by an offset (O) and solve (Figure 11). 
At z = zb:

| |w z gas zb bu u�

      w b gas bg z g z O�

Then:

     w gas bO g z�

The pore pressure distribution in the bubble is:

          w b gas bu z g z g z z�

Note that when z = zb → ububble = ρw·g·zb = uw (zb).

The maximum difference between the bubble pressure and the pore water pressure will be at the top of the 
bubble, in the interface with the impermeable layer (z = zt):

          bubble t w b gas t bu z g z g z z�

    w t w tu z g z�

TERZARIOL ET AL.

10.1029/2020JB021511

13 of 16



Journal of Geophysical Research: Solid Earth

We now can compute determine the max pressure difference as:

                  Δ bubble t w t w b gas t b w tP u z u z g z g z z g z�

        Δ w gas b tP g z z�

Data Availability Statement
Data is available in Mendeley Data (data.mendeley.com; Terzariol 2021a, 2021b, 2021c, and 2021d).
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Figure A1.  Implications on pore invasive bubble in a one-way confined sandy layer (after Espinoza & 
Santamarina, 2017). Pore fluid pressure in a pore-invasive trapped bubble u(z) differs considerably with respect to the 
hydrostatic pressure (ρw·g). The trapping mechanism is due to the capillary pressure of the seal (Δc) which must be 
compared with the gas overpressure (ΔP).
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