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Abstract Fines, defined here as grains or particles, less than 75 μm in diameter, exist nearly ubiquitously in
natural sediment, even those classified as coarse. Macroscopic sediment properties, such as compressibility,
which relates applied effective stress to the resulting sediment deformation, depend on the fabric of fines.
Unlike coarse grains, fines have sizes and masses small enough to be more strongly influenced by electrical
interparticle forces than by gravity. These electrical forces acting through pore fluids are influenced by
pore fluid chemistry changes. Macroscopic property dependence on pore fluid chemistry must be accounted
for in sediment studies involving subsurface flow and sediment stability analyses, as well as in engineered
flow situations such as groundwater pollutant remediation, hydrocarbon migration, or other energy
resource extraction applications. This study demonstrates how the liquid limit-based electrical sensitivity index
can be used to predict sediment compressibility changes due to pore fluid chemistry changes. Laboratory
tests of electrical sensitivity, sedimentation, and compressibility illustrate mechanisms linking microscale and
macroscale processes for selected pure, end-member fines. A specific application considered here is
methane extraction via depressurization of gas hydrate-bearing sediment, which causes a dramatic pore water
salinity drop concurrent with sediment being compressed by the imposed effective stress increase.

1. Introduction

Changes in the pore fluid chemistry of sediments occur in a broad range of processes. Accounting for sedi-
ment responses to changes in pore fluid chemistry is important for assessing compressibility, mechanical
instability, and permeability changes during fluid flow through naturally occurring water-bearing sediment
(Andersson-Skold et al., 2005; Austad et al., 2008; Frederick & Buffett, 2015; Kopf et al., 2010; Sultan et al.,
2004), as well as in a range of intentionally induced pore fluid replacement applications such as oil or gas
extraction (Mohan et al., 1993), extraction of methane from gas hydrate (Mohan et al., 1993; Oyama et al.,
2016), CO2 sequestration (Pudlo et al., 2015), and the remediation of nonaqueous phase liquids, or other
groundwater contaminants (Glass et al., 2000; LeBlanc et al., 1991; Mackay & Cherry, 1989; Rao et al., 1997).

Fluid replacement induces changes in the pore fluid chemistry that can affect fabric formed by fine-grained
particles (fines). Fines here are defined by the particles smaller than 75 μm based on ASTM D2487 (2011a) for
engineering purposes, but the maximum particle size criteria for fines vary from 60 to 75 μm based on the
chosen standards (Holtz et al., 2011; Jang & Santamarina, 2016). In general, when the particle size is less than
1 μm or the specific surface is greater than 25m2/g, the gravitational influence is weak, and electrical forces
due to surface charges on the particle control the arrangement or fabric of particles (Lambe & Whitman,
1969). Electrical interparticle interactions consist of attractive and repulsive electrical forces, and for particles
in contact with fluid, several particle behavior models have been proposed (refer to Appendix A for detailed
equations):

1. Derjaguin-Landau-Verwey-Overbeek theory combines the forces of van der Waals (VDW) attraction and
diffuse double layer (DDL) repulsion (Derjaguin & Landau, 1941; Israelachvili, 2011; Mitchell & Soga,
2005; van Olphen, 1977; Verwey et al., 1948). Van der Waals attraction is due to a set of short-range
electrical interactions between molecules separated by ~10 nm or less (Hu et al., 1999; Meade, 1964;
Valle-Delgado et al., 2005). The DDL thickness, ϑ (m), expands and shrinks based on the ionic concentra-
tion, c0 (mol/L; Figures 1a and 1b), and the relative permittivity of the pore fluid, κ0, according to
(Israelachvili, 2011; Mitchell & Soga, 2005; van Olphen, 1977)
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The full equation for equation (1) provided in Appendix A is valid in cases where the particle thickness is thin
compared to the DDL thickness, and the particle possesses a high surface charge density such as montmor-
illonite in solution with low c0 (less than 100 mol/m3) of monovalent electrolyte (Mitchell & Soga, 2005;
Sposito, 1989). Clays such as montmorillonite can develop DDL ~100 nm in distilled water (Mojid & Cho,
2006).

2. The Sogami-Ise model is based on Coulombic forces between like and unlike charges. In a fluid with ions,
such as brine, Coulombic repulsion can be offset by the mutual attraction of neighboring particles to
counter ions present in the fluid between those particles, reducing interparticle separations (compare
Figures 1c and 1d; Langmuir, 1938; McBride & Baveye, 2002; Mitchell & Soga, 2005; Sogami & Ise, 1984).

3. The localized surface charge distributions on the particle surface can affect fabric formation of platy par-
ticles due to Coulombic attraction (Figures 1e and 1f; Lambe & Whitman, 1969; Mitchell & Soga, 2005;
Santamarina et al., 2001).

The models suggest that changes in pore fluid chemistry parameters such as ionic concentration and permit-
tivity will affect the electrical interactions among particles that can form different types of fines clusters and

Figure 1. Mechanisms of electrical interactions among particles: (a) fully developed diffuse double layer, DDL, in deionized
water and (b) reduced DDL in brine: solid lines are particles, and dashed ellipsoids are imaginary DDLs. The Sogami-Ise
model shows repulsive and attractive forces due to surface charge interactions (c) between like-charged particles and
(d) between particles and ions in surrounding fluid (McBride & Baveye, 2002; Sogami & Ise, 1984). Attractive interactions
due to localized surface charge: (e) edge-to-face fabric and (f) face-to-face fabric. The transition for kaolin occurs between
0.01 M and 0.1 M, depending on surface charge conditions (Mitchell & Soga, 2005; Santamarina et al., 2001).
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fabrics (Bennett & Hulbert, 1986; Lambe & Whitman, 1969; Palomino & Santamarina, 2005; Pierre & Ma, 1999).
As presented in this study, the clustering and fabric formation behavior of fines due to their sensitivity to pore
fluid chemistry can be anticipated by the electrical sensitivity, SE, which can be measured with a series of
liquid limit index property tests (Jang & Santamarina, 2016, 2017).

Macroscale sediment properties such as permeability, strength, and compressibility will vary based on how
the pore fluid chemistry alters the microscale fabric (Bennett et al., 1989; Bolt, 1956; Chen et al., 2000; Di
Maio & Fenelli, 1994; Fernandez & Quigley, 1985; Moore & Mitchell, 1974; Olson & Mesri, 1970; Quirk &
Schofield, 1955; Sridharan & Rao, 1973). Even in coarse grain-dominated sediments, changes in the fabric
of fines can be critical since the fine fraction can control the overall physical behavior of the sediments even
at low fines concentrations. The effective fines fraction varies depending on the physical phenomena, but, for
example, approximately 5% fraction of fines is enough to control the hydraulic conductivity in a sandy sedi-
ment (Bandini & Sathiskumar, 2009; Carraro et al., 2009; Hyodo et al., 2017; Kenney, 1977; Lade & Yamamuro,
1997; Park & Santamarina, 2017). This study uses the electrical sensitivity of end-member fines to link pore
fluid chemistry changes to alterations in fabric formation and compressibility of a broad range of fines and
pore fluid chemistries.

2. Experimental Methods

This work is based on three types of experiments. Initially, electrical sensitivity studies suggested by Jang and
Santamarina (2016, 2017) are applied to classify the end-member fines in this study. The three pore fluids
used for the electrical sensitivity test, deionized water, 2 M-brine (2 mol of sodium chloride, NaCl, per liter
of deionized water), and kerosene, are also used in the sedimentation and consolidation tests.
Sedimentation tests in a suite of pore fluid chemistries are then run on the end-member sediments, providing
insights into interparticle forces relevant to each end-member sediment. Finally, consolidation tests are run
for each end-member sediment saturated with deionized water, 2 M-brine, or kerosene to quantify the
impact of pore fluid ionic concentration and permittivity on the compressibility of the sediment. These com-
pressibility results are analyzed in light of the electrical sensitivity and the particle behavior observed in the
sedimentation tests.

2.1. Materials

The selected end-member sediments cover a wide range of material properties, physical morphologies, and
chemical compositions. The chosen sediments were crushed silica silt (quartz, SiO2), muscovite mica
(denoted in this study simply as mica), crushed calcium carbonate (CaCO3), diatoms (siliceous microfossils),
kaolin (primarily kaolinite), illite, and bentonite (primarily montmorillonite; Table 1). Of these, silt-size silica,
mica, kaolinite, illite, and smectite (the clay group that includes montmorillonite) are common in onshore
and offshore sediments, while diatoms and organic calcium carbonate in the form of microfossils are fre-
quently found in marine sediments (Anderson et al., 2014; Bahk et al., 2013; Egawa et al., 2015; Petschick
et al., 1996; Sun & Turchyn, 2014; Wiemer et al., 2017; Winters et al., 2011). Pore fluids used in the

Table 1
Material Description: Physical and Index Properties of Fines in This Study

No. Sediment
Specific
gravity Gsa)

Median particle
size D50 [μm]

Specific
surfaceSs
[m2/g]c)

Liquid limit (uncorrected)
Plastic limit
PLDW

d)
Plasticity index
PI = LL-PL

Electrical
sensitivitySoil
classificatione)

Sedimentation
test - dry mass at
loose packing [g]f)LLDW LLbrine LLker

1 silica silt 2.65b) 10.5b) 0.2g) 31 31 36 30 1 LI 9.13
2 mica 2.82b) 17b) 4.2 94 81 110 80 14 HI 3.59
3 CaCO3 2.73 8b) 0.2g) 25 23 31 17 8 NI 9.87
4 diatoms 2.23 10b) 98 119 111 140 98 21 HI 2.90
5 kaolin 2.68 4 24 77 55 83 38 39 II 5.57
6 illite 2.71 20 29 56 52 59 32 24 IL 10.49
7 bentonite 2.53 < 2h) 579 288 126 65 54 234 HH 9.71

aDensity analysis by gas pycnometer. bData from manufacturer. cWater-based methylene blue test (Santamarina et al., 2002). dThe smallest water content
for plastic solid state, measured according to ASTM-D4318 (ASTM, 2005). eIndicating no (N), low (L), intermediate (I), or high (H) plasticity fine grains of low (L),
intermediate (I), or high (H) electrical sensitivity in Figure 4. fSample mold size: 25.4 mm in diameter and height. gAnalytical calculation based on spherical
particle shape. hApproximated value from literature (Arnott, 1965).
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sedimentation tests were selected to examine the effect of ionic concentration and permittivity on
interparticle interactions: deionized water (DW), brines of 0.001 M, 0.01 M, 0.1 M, 0.6 M (typical seawater),
1 M, and 2 M NaCl concentrations, 0.0654 M sodium hexamethaphosphate (NaPO3)6 solution (fine particle
dispersant; 40 g/L, as suggested by ASTM D422; ASTM, 2007), and kerosene (nonpolar, low permittivity).
The fluid pH during each test was approximately 7.

2.2. Electrical Sensitivity Characterization

Liquid limit-based electrical sensitivity tests were performed on each sediment to assess alterations in elec-
trical interactions between fines in response to the fluid permittivity and electric conductivity, which itself
is related to the ionic concentration (Jang & Santamarina, 2016). The electrical sensitivity of sediment is
defined in terms of its liquid limit measured for deionized water, 2 M-brine, and kerosene: LLDW, LLbrine,
and LLker. Liquid limits, measured using the standard cone penetrometer method BS 1377 (BSI, 1990), define
the water content for which a sediment transitions from a plastic solid to a liquid state. In addition to aiding in
the electrical sensitivity characterization, liquid limits are themselves useful through their relationships to
other physical properties such as hydraulic conductivity and compressibility of remolded soils (Carrier &
Beckman, 1984; Lee et al., 2005; Sridharan & Nagaraj, 2000; Wroth & Wood, 1978).

2.3. Sedimentation Test

Sedimentation tests in different pore fluids provide insights into the particle arrangement or fabric due to
pore fluid chemistry (Palomino & Santamarina, 2005; Pierre & Ma, 1999). Beginning with oven-dried speci-
mens, a measured mass of sediment was spooned in ambient air into an acrylic mold to form a specimen
25.4 mm in height and diameter. This approach created a loose sediment fabric (maximum void ratio). The
sediment was then mixed with a fluid to a final height of 152.4 mm to obtain a ratio of 1 to 6 in the diameter
to height of the fluid column. The following fluids were used: deionized water, the various brine concentra-
tions, 0.0654 M (NaPO3)6 solution, and kerosene. Prior to testing, a given sediment-fluid mixture was allowed
to stabilize for more than 12 hr. After stabilization, the fluid cylinder headspace was vacuumed to draw gas
bubbles and dissolved gas out of the fluid. The headspace was then briefly opened to the atmosphere before
a stopper was sealed into the cylinder end. The cylinder was shaken for 1 min before being left to settle
undisturbed. The side friction and boundary effects on the cylinder wall are considered negligible for this
cylinder geometry, the volume of sediment and zero vertical effective stress (ASTM D4254, 2000). Heights
of the depositional interface and the accumulated sediment interface defined in Figure 2 were measured
as functions of time until the interface locations did not change (1 to 4 days).

Figure 2. Height measurements observed in sedimentation tests: (a) a uniform sedimentation response in which essen-
tially all sediment particles fall together such that a sharp interface is observed at the depositional height between the
sediment and overlying clear or lightly cloudy supernatant; (b) a segregated sedimentation response in which the sediment
segregates (due to different falling velocities of individually sized and clustered particles) into a bottom layer containing the
largest particles (accumulated sediment), a middle layer extending to the depositional height and containing smaller
particles, and an overlying cloudy colloidal suspension containing the finest particles. The directions in which the interfaces
move are given by the vertical red arrows.
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2.4. Consolidation Test

Incremental loading consolidation tests were conducted in a one-dimensional fixed-ring oedometer cell as
described in ASTM D2435 (ASTM, 2011b) to evaluate the compressibility of end-member sediment in each
pore fluid. Each specimen was mixed with pore fluid (deionized water, 2 M-brine, or kerosene) and stabilized
for 12 hr before being placed in a rigid consolidation ring of 63.5-mm diameter and either 19.05 or 25.4-mm
height. The initial fluid content of the specimen while setting up the oedometer for each consolidation was
1.2LL, where the liquid limit, LL, was determined from the cone penetrometer tests. The specimen was then
fully submerged in the reservoir filled with pore fluid for the consolidation test. The applied vertical stress
schedule was (1) loading in eight steps from 20 to 1280 kPa, doubling the load with each step; (2) unloading
to 640, 160, and 40 kPa; and (3) finally reloading from 80 to 1280 kPa, again doubling the loading stress at
each step. Each step was allowed to progress until there was a plateau in the displacement curve.

3. Experimental Results and Discussion
3.1. Particle Shapes

Scanning electron microscope, SEM, images in Figure 3 show the physical morphology of each sediment.
Silica silt and CaCO3 exhibit angular, bulky particle shapes, with smaller particles sitting on larger particles.
Diatoms are siliceous microfossils often found in broken pieces that reveal the diatom’s inner porosity. The
diatom structure leads to high specific surface and high liquid limit, but low plasticity index, PI, which defines
the water content range of the plastic state of the sediment (Table 1). Mica, kaolin, illite, and bentonite are
platy phyllosilicate particles. They all show high specific surface and high liquid limit values, but mica has a
relatively low plasticity index. Mica and illite have smaller particles sitting on larger particles (Figure 3), but
the larger mica particles appear cleaner than the larger illite particles, which aremore abundantly coated with
finer particles. Bentonite, the smallest of all particles in the study (Table 1), appears relatively larger in the SEM
image because the bentonite particles are sensitive enough to moisture in the air that they have clustered
together in the SEM image.

3.2. Electrical Sensitivity

Table 1 provides geotechnical material properties of the end-member sediments. For the electrical sensitivity
analysis, measured liquid limits with 2 M-brine and kerosene are corrected for the mass of precipitated salt
and low specific gravity of kerosene (Jang & Santamarina, 2016, 2017):

Figure 3. Scanning electron microscope, SEM, images of sediments tested in this study. (a) Silica silt, (b) mica, (c) CaCO3,
(d) diatoms, (e) kaolin, (f) illite, and (g) bentonite.
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LLbrinejcorr ¼ LLbrine
1

1� cbrine
LLbrine
100

; (2)

LLkerjcorr ¼
LLker
Gker

; (3)

LLDW
LLbrine

����
corr

¼ LLDW
LLbrine

1� cbrine
LLbrine
100

� �
; (4)

LLker
LLbrine

����
corr

¼ LLker
LLbrine

1� cbrine
LLbrine
100

Gker
; (5)

where cbrine is the NaCl concentration of brine (0.1169 g of NaCl per 1 g
of H2O for the 2 M-brine used here) and Gker is the specific gravity of
kerosene, 0.78 (from the manufacturer). The subscripts DW, brine, and
ker denote deionized water, brine, and kerosene, respectively. The
subscript corr denotes the corrected liquid limit based on the water
content rather than the fluid content. Figure 4a presents the corrected
ratios from equations (4) and (5) and indicates how those ratios relate
to the electrical sensitivity (SE), which is calculated using equation (6);
Jang & Santamarina, 2016, 2017):

SE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LLDW
LLbrine

����
corr

� 1

� �2

þ LLker
LLbrine

����
corr

� 1

� �2
s

: (6)

Figure 4b presents the soil classification scheme based on electrical
sensitivity. Silica silt, CaCO3, diatoms, and mica are considered to
have an intermediate electrical sensitivity (Figure 4) because of their
sensitivity to electrical permittivity; however, as indicated by similari-
ties between the deionized water and brine liquid limit values in
Table 1, these four fines show a smaller sensitivity to ionic concentra-
tion, c0 (brine), than to permittivity, κ0 (kerosene). This suggests that
DDL-type electrical interactions, which depend on c0 (equation (1)),
are not the dominant controls on the behavior of these fines.
Instead, Coulombic attraction due to localized surface charge, which
can be accentuated in low-permittivity fluids, develops clustered fab-
ric, which induces higher void ratio than that in water at the liquid
limit state.

In contrast, because of its small particle size and high surface charge density, bentonite is strongly influenced
by the DDL thickness, which responds to both c0 and κ0 changes in the pore fluid chemistry according to
equation (1). Correspondingly, bentonite (HH in Table 1) has the highest electrical sensitivity among the
tested fines (Figure 4), with strong sensitivity to changes either in the fluid’s ionic concentration (2 M-brine)
or permittivity (kerosene). Illite, which like bentonite is a 2:1 clay mineral, has intermediate plasticity but only
low electrical sensitivity. The low SE result may be due to the large grain size (d50 = 20 μm, Table 1) of the illite.
Illite with smaller grain sizes than was used in this study had an intermediate SE (Jang & Santamarina, 2016).
Kaolin (II in Table 1), a 1:1 clay mineral, shows intermediate plasticity and electrical sensitivity.

The four plasticity ranges shown in Figure 4b are tied to the liquid limit axis, LLbrine,corr, by the general trend
that higher LLDW correlates with higher LLbrine and higher PI. Sediments with high plasticity such as clays are
expected to show high LLDW, LLbrine, and PI, but sometimes, the physical shape of fine particles alters the
expected plasticity. For instance, mica (HI in Table 1) and diatoms (HI in Table 1) both have high liquid limits
in deionized water and brine. In the case of mica, its platy shape tends to form relatively large interparticle
voids (Figure 1e), and diatoms have internal void space in each particle (Figure 3d). The additional void space
in the fabric of mica and diatoms allows those sediments to contain additional water, which increases the
measured liquid limit (e.g., Tanaka & Locat, 1999). Their plastic limits are elevated for the same reasons,

Figure 4. Charts for soil classification based on electrical sensitivity. Numbered
black circles refer to the sediments in Table 1. (a) Normalized liquid limit ratio
of deionized water and kerosene to brine (refer equations (4) and (5)). (b) Fines
classification based on electrical sensitivity, SE (equation (6)).
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however, so their plasticity indices, PI = LL � PL, are actually less than those of the intermediate plasticity
fines, such as illite and kaolin (Table 1).

3.3. Sedimentation Tests

The sedimentation test results shown in Figure 5 illustrate several settling trends related to how gravitational
force-dominated particles and electrical force-dominated particles interact with pore fluid chemistry to form
the sediment fabric (data available online; Jang et al., 2018). These trends can be understood in terms of the
general rule that larger particles or particle clusters can gravitationally settle more quickly and with less
hindrance from electrical interactions than smaller, individual particles. The magnitude of the pore fluid
chemistry effect on clustering and sedimentation is a function of the electrical sensitivity of the sediment.
Figure 5 captures distinct sedimentation patterns: segregated and uniform sedimentation. Additional insight
is gained from tracking the depositional/accumulated interface height, supernatant turbidity, falling velocity,
and final sedimentation height (refer to Figure 2 for term definitions).
3.3.1. Segregated Sedimentation in Aqueous Liquid
Segregated sedimentation occurs in the silica and mica specimens (Figures 5a and 5b), indicating grain size
distributions that span two controlling factors for sedimentation. For instance, because of the competition
between the gravitational forces and the drag force (Stokes’s law), in DW, larger silica particles generally fall
more quickly than the smaller silica particles, which remain suspended longer. Silica particles can form DDL,
but the DDL is thinner by 3 orders of magnitude relative to the particle diameter for the larger, gravimetrically
controlled particles (Dewan et al., 2014) and do not significantly hinder their gravimetric settling rate.

Figure 5. Sedimentation interface heights with time. Horizontal reference lines represent 152.4 mm, the fluid column height, and 25.4 mm, the initial height of each
dry, loose-packed specimen. Symbol legends are given in each plot: depositional (open symbols) and accumulated (filled symbols) interface heights refer to the
interfaces described in Figure 2. Inset images show examples of each specimen in deionized water, 2 M brine, and kerosene. (a) Silica silt and (b) mica both
demonstrate segregated sedimentation. (c) Kaolin and (d) bentonite both demonstrate uniform sedimentation.
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In the silica and mica specimens, larger particles settle to form an accumulated sediment layer at the base of
the cylinder increasing the accumulated interface height with time. This accumulated sediment interface can
be difficult to distinguish when the suspension above the accumulated interface contains a high enough
concentration of the finer particles to become cloudy. The depositional interface can also be difficult to
distinguish for specimens with broad grain size ranges because turbidity in these suspensions becomes clear
only gradually.

When the ionic concentration of the fluid, c0, increases, the Sogami-Ise model predicts that the smaller
particles can cluster more readily (Figure 1b) and subsequently settle gravimetrically. Thus, the height of
the accumulation interface increases as c0 increases, because a greater fraction of the particles can settle.
For example, the accumulation height of silica silt in 2 M brine is higher than that in deionized water
(Figure 5a). Also, the depositional interface is more distinct in high c0 pore fluids because more of the smaller
particles become involved in clusters and settle, leaving a less clouded supernatant (cf. Figures 5a and 5b,
silica silt below 0.6 M and mica below 0.01 M) .

The dependence of depositional interface clarity on ionic concentration is obvious for mica. As c0 increases,
mica transitions from segregated sedimentation with an accumulation interface and indistinct depositional
interface (deionized water, Figure 5b) to uniform sedimentation with a distinct depositional interface and
clear supernatant (brine, Figure 5b). The transition occurs at 0.01 M brine. Above this salinity, the smaller mica
particles shown in Figure 3b cluster and fall along with the larger mica particles. Settling rate, the speed at
which the depositional interface falls, also depends on c0. This dependence follows one of two distinct trends:

1. With increasing c0, settlement rate increases for silica silt particles characterized primarily by an overall,
relatively uniform, excess surface charge. These particles will form clusters in ion-bearing fluid as
suggested by the Sogami-Ise model (Figures 1c and 1d), and the bigger clusters will fall faster.

2. With increasing c0, settlement rates for platy mica particles characterized by the inhomogeneous distribu-
tion of surface charge will decrease. As suggested by the fabric models in Figures 1e and 1f, platy particles
with inhomogeneous charge distributions transition from preferentially clustering in an edge-to-face
mode (Figure 1e) to a face-to-face mode (Figure 1f). Face-to-face flocculation or clustering occurs more
slowly than edge-to-face flocculation slowing the overall clustering and settling process (Palomino &
Santamarina, 2005).

3.3.2. Uniform Sedimentation in Aqueous Liquid
Kaolin and bentonite (Figures 5c and 5d) both demonstrate a uniform settlement pattern, showing a clear
depositional interface and clear supernatant. Unlike segregated sedimentation, uniform sedimentation
indicates that all particles within a specimen are responding to flocculation or clustering processes defined
by their electrical interparticle interactions. The clustering process differs from material to material.

Settlement rates for kaolin are controlled by whether the attraction of kaolin particles forms an edge-to-face
fabric (Figure 1e) or a face-to-face fabric (Figure 1f). As shown in Figure 1e, kaolin particles in deionized water
can flocculate in the edge-to-face fabric. As ionic concentration increases toward the 2 M-brine, kaolin parti-
cles begin to form a face-to-face fabric as illustrated in Figure 1f. As described above for mica, face-to-face
flocculation is slower than edge-to-face flocculation; hence, the settlement rates decrease with increasing
pore water ionic content (Figure 5c).

While the bentonite shows uniform sedimentation (Figure 5d) like kaolin, flocculation of the highly electri-
cally sensitive bentonite (HH in Table 1; Figures 1a and 1b) responds to a different aspect of the particle-fluid
interaction than does kaolin. Though bentonite has a platy shape akin to kaolin, its small size and relatively
high surface charge density (Meier & Kahr, 1999) promote the formation and effect of a DDL around each par-
ticle. In fact, the mixture in deionized water is a paste rather than a suspension because most of the water is
bound up in the DDL around each particle. The DDL thickness can be reduced by increasing the c0 in the fluid
(equation (1)), but only after the addition of 0.6 M NaCl (~35 parts per thousand, typical seawater salinity) is
the DDL thin enough for the mixture to behave as a fluid-like suspension that allows particles to settle, albeit
slowly. Additional increases in c0 further shrink the DDL thickness, allowing bentonite particles to approach
close enough to each other to settle more rapidly.

Unlike silica silt which has similar particle sizes to CaCO3, CaCO3 settles via uniform sedimentation in DW,
2 M-brine, and kerosene, and the supernatant above the depositional height is always clear. This may be
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because CaCO3 has a different chemical composition than silica silt (Stumm, 1992) and generates
pronounced clustering in DW compared to silica silt. The falling velocity of depositional interface in DW is
similar to that in 2 M-brine, but the falling velocity in kerosene is fastest, as it is for all tested fines. All
CaCO3 particles participate in the final accumulated sediment height regardless of fluid. The final heights
of CaCO3 in deionized water and brine are close to the 25.4 mmmeasured for the initial loose sediment in air.

Kerosene allows rapid, uniform sedimentation with a clear supernatant for all the pure fines studied here. The
low permittivity of kerosene dramatically reduces DDL thicknesses (equation (1)), and the nonpolar nature of
kerosene drives ion precipitation onto particle surfaces (Santamarina et al., 2001; Sposito, 1989), where the
ions can create inhomogeneous charge distributions. The combined effects of reduced DDL thickness and
inhomogeneous surface charge distributions promote flocculation and rapid sedimentation rates in all tested
sediments in kerosene. This generally results in a relatively open, high void ratio sediment fabric illustrated by
final sediment heights that exceed those measured in nearly all other fluids. The exceptions are illite and ben-
tonite, which are both 2:1 clay minerals with sedimentation behavior dominated by the DDL thickness. In
these two sediments, DDL thickness and, hence, the final sedimentation height both decrease with increas-
ing ionic concentration and are at their minimums in kerosene (see also equation (1)).
3.3.3. Sedimentation With Ion Adsorption Onto Particle Surface
Negative ions in the dispersant, sodium hexametaphosphate (NaPO3)6, coat the positively charged edges of
particles, help the particles disperse, and reduce DDL due to the ionic concentration increase in the fluid
(Andreola et al., 2004; Lagaly, 1989). This ion adsorption reduces the edge-to-face attractions in kaolin and
mica (Figure 1e). Consequently, the dispersed particles settle relatively slowly, and this is the case for all
tested fines. The final height of kaolin and mica in the (NaPO3)6 solution is less than that in 2 M-brine because
the individual particles more densely stack in (NaPO3)6 than in 2 M-brine. In the case of mica, no data are
shown for the depositional interface because the dispersed particles made it impossible to distinguish or
track the depositional interface. Though there was no distinguishable depositional interface, the supernatant
above the mica’s accumulation interface became clearer over time as smaller mica particles were able to clus-
ter and settle in accordance with the Sogami-Ise model (Figure 1d). This is similar to the smaller fines in silica
silt, which also form clusters as described in the Sogami-Ise model but do form a discernible depositional
interface. Compared to 2 M-brine, the settling rate is slower and the final sedimentation height is less in
the dispersant solution.

The fluid ionic concentration also increases in the presence of the dispersant (NaPO3)6, but the resulting DDL
thickness reduction in bentonite is offset by an increase in electrical repulsion as negative ions coat the
positive edges of the bentonite and accentuate the electrical repulsion between the negatively charged
bentonite particles. This electrical repulsion prevents the bentonite particles from settling within the 4-day
duration of the experiment (Figure 5d). A reduction in DDL is inferred because the bentonite/dispersant
mixture has enough unbound water to behave like a fluid suspension rather than like the thick paste
bentonite forms in deionized water.

Figure 6. Sedimentation height and falling time in pore fluids of deionized water (solid circle), 2 M-brine (square), and
kerosene (diamond) based on the electrical sensitivity of sediments: (a) ratio of final depositional interface height to initial
dry height (25.4 mm) and (b) ratio of falling time, t50, when the measurable interface moves half its total travel distance
relative to that in 2 M-brine. Because cloudiness obscured the change, if any, in the depositional interface height for
silica silt, mica, and diatoms in deionized water (ringed blue circles), the accumulated sediment interface is used instead of
the depositional interface.
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3.3.4. Correlations Between Sedimentation and Electrical Sensitivity
Figure 6 shows the relationships between electrical sensitivity and final sediment height (Figure 6a) and
between electrical sensitivity and settlement rate (Figure 6b) in the sedimentation tests. These sedimentation
height results demonstrate how the void ratio at low effective stress depends on pore water chemistry
changes in the tested sediments, a critical issue in determining sediment compressibility. Of the tested sedi-
ments, bentonite, having the highest electrical sensitivity, shows the most significant differences in the final
settlement height as a function of pore fluid chemistry. For the segregated sedimentation cases (diatoms,
silica silt, and mica), a portion of the sediment grains is large enough to be influenced by gravity rather than
electrical interactions, so the overall measured electrical sensitivity is low. Sedimentation height differences
between deionized water and the other fluids appear accentuated for segregated sedimentation because
most fines in deionized water remain suspended in the supernatant during sedimentation, so only a fraction
of fines contributes to the final measured sediment height, except in the low-permittivity kerosene case.

Differences in sedimentation behavior due to electrical sensitivity are also observed when measuring settle-
ment rates. As noted previously, kerosene causes fast settlement in all cases. Based on ionic concentration
trends shown in Figure 5, the Figure 6b rate results show sedimentation rate increases for silica silt and
bentonite but decreases in mica and kaolin with increasing ionic concentration. As shown in Figure 6b, a high
electrical sensitivity index value indicates that sediments will settle at dramatically different rates when pore
water salinity changes. In the field, predicting whether the settlement rate increase or decreases requires
knowing the mineralogy. Knowing which fines are present indicates which of the electrical interaction
mechanisms shown in Figure 1 exerts the primary control on the fines involved.

The apparent impact of ionic concentration on sedimentation rate is muted in Figure 6b for the sediments
with low electrical sensitivity, in part because of the segregated sedimentation in illite, diatoms, silica silt,
and mica. Because of the relatively broad particle size ranges in these sediments, the suspended sediment
does not form a distinct depositional interface, so Figure 6b plots the movement of the accumulated sedi-
ment interface for these sediments. The impact of salinity change in these sediments can be seen more
obviously in the evolution of turbidity, which was assessed qualitatively by eye. The turbidity due to smaller
particles in the supernatant above the depositional interface decreases more quickly with increasing ionic
concentration. The supernatant above the depositional interface also becomes clearer more quickly as the
ionic concentration increases. The improvement in supernatant clarity is due to the presence of pore water
ions, which help more particles cluster and settle below the depositional interface.

3.4. Consolidation Tests

Figure 7 shows how the consolidation results for silica silt, mica, kaolin, and bentonite depend on pore fluid
chemistry (data available online; Jang et al., 2018). The compression indices derived from consolidation tests
represent the change in void ratio due to effective stress changes. The compression index, Cc (Figure 8a), and
recompression index, Cr (Figure 8b), are calculated from the slope of the compression curve during the initial
compression and during recompression, respectively, from equation (7) below and are presented in Table 2:

Cc orCr ¼ e100kPa � e1;000kPa
log10

1;000kPa
100kPa

� � ¼ e100kPa � e1;000kPa (7)

where e100kPa and e1000kPa are the void ratios at 100 kPa and at 1,000 kPa vertical effective stress, respectively.

Sediment with a higher void ratio fabric will generally have a higher final sedimentation height (section 3.3)
and a higher compressibility (Burland, 1990; Cerato & Lutenegger, 2004; Hong et al., 2010; Sridharan &
Nagaraj, 2000; Tiwari & Ajmera, 2011). The fabric can be altered by changes in the pore fluid chemistry, which
in turn affects the void ratio. The dependence of sediment fabric on pore fluid chemistry is captured in the
sediment’s electrical sensitivity and observed in the sedimentation behavior, so the measured electrical sen-
sitivities (Figure 4b) and final sedimentation height results (Figure 6a) are used here to provide insight into
the observed compressibility trends.

Segregated sedimentation results are relevant to the compression index behavior for silica silt, mica, and dia-
toms. In deionized water, the finer particles that remain in suspension (Figures 2b, 5a, and 5b) can remain in
the pore fluid in the compression test specimen, floating in the free pore space without interacting with the
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Figure 8. Dependence of the (a) compression (solid symbols) and (b) recompression indices (open symbols) on electrical
sensitivity and (c) results normalized to Cc and Cr of each sediment in 2 M-brine. The shaded area in (a) and (b) represents
possible ranges of the compression and recompression index as a function of electrical sensitivity after removing
sediments that have unusually high void ratios due to their physical shapes. Symbol shape definitions are the same as in
Figure 7.

Figure 7. Consolidation results in deionized water (circle), 2 M brine (square), and kerosene (diamond) for (a) silica silt, (b)
mica, (c) kaolin, and (d) bentonite. Solid symbols are loading and reloading steps, and the open symbols are unloading
steps.
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larger particles (Figure 9a). When the pore fluid is 2 M-brine or kerosene, however, finer particles would settle
along with the larger particles, coexisting at contacts between large grains and elsewhere in the pore space
(Figure 9d). Thus, void ratio and compressibility in 2 M-brine and kerosene increase as additional fines collect
at larger-particle contacts and participate in bearing the applied stress on the sediment (Figure 9d).

In kaolin, platy particles demonstrating uniform sedimentation, the compressibility is higher when the speci-
men has the high void ratio, edge-to-face fabric observed in deionized water or kerosene (Figure 1e), and
lower compressibility when the specimen has the low void ratio face-to-face fabric (Figure 1f) observed in
brine. In the case of the highly electrically sensitive bentonite, the void ratio, and hence compressibility, scales
with DDL thickness (Figure 9b). Thus, void ratio and compressibility increase with decreasing ionic concentra-
tion in the pore water equation (1).

Illite, diatoms, and mica fall outside the shaded region in Figure 8a, showing high compressibility that reflects
more on their particle morphology than their low electrical sensitivity: illite and mica are platy particles, but
they are able to form high-compressibility, high void ratio, edge-to-face fabrics (Figure 1e), even at salinities
that would cause the more electrically sensitive platy kaolin to form low compressibility, low void ratio, face-
to-face fabrics (Figures 1f and 8a). Diatoms, because they are often broken into angular, irregular shards
(Figure 3d) and have internal porosity, are also able to form relatively high void ratio fabrics regardless of
the pore fluid.

To examine the dependence of compressibility on electrical sensitivity rather than physical morphology,
compression index can be normalized to the compression index for the 2M-brine for each sediment and pore
fluid (Figure 8c). The general trend of Cc,DW< Cc,brine in sediments with low electrical sensitivity (silica silt and
diatoms) captures the sediment-stiffening effects of fines segregating away from coarse-grained contacts
during sedimentation. This ordering highlights how microscale grain distribution behaviors suggested by
the sedimentation tests—in this case the distribution of smaller and larger particles at grain contacts
(Figures 9a and 9d)—can be inferred to occur even in saturated, remolded specimens formed by physically
mixing sediment and fluid rather than by allowing the particles to collect via deposition.

Kerosene generally yields high void ratio sediment fabrics that manifest themselves as themost compressible
particle arrangement in this study. The exceptions are bentonite and illite. Bentonite, with its high electrical
sensitivity, settles into its densest fabric in the presence of kerosene because of the minimized DDL thickness.
Like bentonite, illite is a 2:1 clay mineral and should respond to pore fluid changes in a similar manner.
Though the DDL thickness for illite also decreases in brine and kerosene, similar to the pattern of bentonite
(Figure 6a), the compression index of illite is essentially independent of pore fluid chemistry due to size effect
as described in section 3.2 and also observed by Meade (1964).

Recompression indices for the tested sediments are approximately a quarter to a half of the brine compres-
sion index, Cc,brine (Figure 8c). The tested recompression indices are uniformly low with negligible depen-
dence on pore fluid chemistry except for the highly electrically sensitive bentonite. The recompression
index behavior is due to the virgin vertical stress destroying the initial fabric to the point at which electrical
forces are not strong enough to recreate higher void ratio fabrics during unloading (e.g., Figure 9c). However,
because the DDL develops regardless of the fabric and transfer stress (Figure 9b), bentonite in deionized

Table 2
Compression and Recompression Indices of End-Member Sediments

No. Sediments

Compression index Cc Recompression index Cr

Deionized water 2 M brine Kerosene Deionized water 2 M brine Kerosene

1 silica silt 0.055 0.094 0.188 0.027 0.03 0.04
2 mica 0.74 0.86 1.174 0.187 0.20 0.25
3 CaCO3 0.138 0.098 0.22 0.025 0.019 0.03
4 diatom 0.39 0.54 1.09 0.106 0.124 0.149
5 kaolin 0.5* 0.39* 1.12 0.11* 0.11* 0.16
6 illite 0.39* 0.352* 0.38 0.06* 0.04* 0.079
7 bentonite 2.8* 1.12 0.385 1.61 0.24 0.075

Note. Height of the oedometer rigid ring is 19.05 mm. Where noted by *, the ring height is 25.4 mm.
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water reforms or swells to higher void ratios, a typical characteristic of swelling clays that generates a high
recompression index compared to what develops in brine or kerosene, which generate only a thin DDL.

4. Implications for Gas Hydrate-Bearing Sediments

Gas hydrate is a crystalline compound in which water molecules encage individual gas molecules (Sloan &
Koh, 2008). Gas hydrate, primarily methane gas hydrate, exists in the sediments of marine continental slope
and permafrost environments around the world (Kvenvolden, 1988; Ruppel & Kessler, 2017), and production
tests have shown that methane can be extracted from gas hydrates filling the pore space of sands in perma-
frost (Uddin et al., 2012) andmarine sediments (Yamamoto et al., 2014). Field tests in permafrost (Collett et al.,
2009) and marine environments (Yamamoto et al., 2017), and reservoir modeling results (Kurihara, Funatsu,
et al., 2011; Moridis & Reagan, 2007a, 2007b), indicate that depressurizing the sediment pore space is the
most effective approach for destabilizing the gas hydrate and liberating the methane for production.

During depressurization, the sediment formation experiences a vertical effective stress increase due to the
pore pressure reduction and will also experience pore fluid freshening due to the fresh water released from
dissociating gas hydrate. When a unit volume of gas hydrate breaks down to release methane, 0.79 units of
fresh water are also released (Sloan & Koh, 2007), bathing formerly brine-saturated pore spaces in fresh water
(Hesse & Harrison, 1981). For a given sediment pore, and assuming an initial gas hydrate saturation within a
60–70% range observed in marine and permafrost environments (Kurihara, Sato, et al., 2011; Fujii et al., 2015),
gas hydrate dissociation would reduce the salinity to 35–45% of original value. Continued depressurization
and dissociation prevents pore fluid from reequilibrating to its original salinity, so fines that had previously
been in a high ionic concentration, brine environment will respond to the depressurization according to their
behaviors in low ionic concentration fluids.

Figure 9. Fabric-based external stress transfer mechanisms. Larger grains are shown as irregular outlined shapes;
electrically sensitive clays are shown as dashes. (a) Skeletal force-dominated fabric, which can form during segregated
sedimentation, experiences stress transfer (blue arrows) primarily through contacts between large grains such as silica silt
in deionized water. (b) Electrical force-dominated fabric such as the bentonite (dashes) is controlled by DDL thickness
(ellipsoids) and thus tends to be relatively compressible. (c) Electrical force-dominated fabric, such as kaolinite, can form
high void fabric at low stress, but that fabric is compressible and will collapse under moderate stress. (d) Mixed fabric of
skeletal (single-ended arrows) and electrical stress-transfer contacts (double-ended arrows) such as silica silt in 2 M-brine
(Hueckel, 1992; Mitchell & Soga, 2005; Santamarina et al., 2001).
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Since fines are still present within and adjacent to gas hydrate-bearing sands (Egawa et al., 2015; Hyodo et al.,
2017; Ripmeester et al., 2005; Winters et al., 2011), this study offers insights into how the behavior of fines can
modify the sediment formation response to depressurization, particularly near the production well where the
compaction of sediment that no longer hosts hydrate can reduce permeability and potentially limit reservoir
production efficiency. Three responses to pore water freshening in hydrate-bearing sediment are considered
here: changing in situ compressibility, fines migration, and the physical property alterations expected for
naturally occurring hydrate-bearing sediment recovered in pressure cores.

4.1. Compressibility

Compressibility depends on sediment fabric, which transfers applied vertical stress (Figure 9). Since even a
coarse-grained hydrate-bearing reservoir can contain fines, the reservoir fabric could be a skeletal force-
dominated fabric with coarser grains in contact with each other (Figure 9a) or a mixed fabric with fines
existing between some of the coarse grains (Figure 9d). The sedimentation results (section 3.3) suggest that
the saline marine sediment would be conducive for developing a mixed fabric because ions in fluid would
assist clustering in fines and promote more homogeneous sedimentation.

As these predominantly coarse-grained sediments are buried, hydrate has a chance to grow in the available
pore space. Naturally occurring hydrate formation is slow, requiring on the order of 105 years for hydrate
reservoirs to form from the methane dissolved in upwelling pore fluid (Xu & Ruppel, 1999; Zatsepina &
Buffett, 1997). Consequently, the salt excluded from the pore water as hydrate forms has time to diffuse away,
and the pore water salinity can be considered constant (Xu & Ruppel, 1999).

As hydrate dissociates relatively rapidly due to the imposed depressurization during production activities,
however, the pore water freshens. Figures 7c, 7d, 8a, and 8c suggest that fines will respond to the freshened
pore fluid and transition to larger void ratio, more compressible fabrics, particularly if those fines are predo-
minantly the more electrically sensitive fines such as smectite (e.g., montmorillonite, which is the primarily
mineral of the bentonite tested in this work) or kaolinite, both of which are known to occur in the gas
hydrate-bearing sands in the Nankai Trough (Egawa et al., 2015; Hyodo et al., 2017). As pore fluid chemistry
is affecting the fines in the sediment fabric, the depressurization-induced effective stress increase can lead
the sediment back onto a virgin compression curve (Santamarina et al., 2015). Since pore fluid chemistry
effects on high electrical sensitivity fines such as montmorillonite tend to diminish for the mechanical stres-
ses above 5 MPa (Meade, 1964; Olson & Mesri, 1970), the sediment compressibility will be responding to a
complex competition between mechanical stress and physicochemical stress.

A second compressibility consideration concerns the behavior of thin, fine-grained, low hydrate saturation
interbeds between the coarser, gas highly hydrate-saturated reservoir layers. At Green Canyon Site 995, in
the Gulf of Mexico, for example, these interbeds are 20–30 cm thick (Boswell et al., 2012) and can react to pore
water freshening in the adjacent sandy gas hydrate layers. The leaching of in situ brine with increasing ver-
tical stress could be analogous to sensitive clays on land (Bjerrum, 1967; Crawford, 1968; Skempton &
Northey, 1953) if the seal sediment consists of clay minerals that are also high-plasticity fine grains with
high/intermediate electrical sensitivity.

4.2. Fines Migration

Production tests at the Mallik permafrost test site (Uddin et al., 2012) and the Nankai marine test site
(Yamamoto et al., 2014) were both terminated due to the intrusion of sand into the production well from
the hydrate-bearing reservoir sand layer. As the in situ fluid flow rates required to move sand into the bore-
hole are approximately an order of magnitude higher than those required to detach and mobilize fines
(Oyama et al., 2016), pore water freshening can make certain fines, such as kaolinite, more prone to detach-
ment and mobilization (Mohan et al., 1993).

Two potential consequences of fines migration are permeability reduction and weakening of the coarse-
grained sediment. Fines migration can lead to reduced permeability via pore-throat clogging, particularly
near the production well where mobilized fines become more concentrated by the inward radial pore fluid
flow (Valdes & Santamarina, 2007). As fines detach from coarser grains, particularly from the contacts
between coarser grains in a mixed fabric (Figure 9d), the detachment can disturb effective stress chains in
the mixed fabric and weaken the sediment shear strength. A reduction in the shear strength facilitates
detachment of the coarser grains themselves (Uchida et al., 2017), so that the sand particles can be
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entrained in multiphase flow toward the production well. When a sandy reservoir is destructured during
depressurization-induced dissociation process, sand production can occur (Yamamoto et al., 2014).

4.3. Physical Property Alterations in Pressure Cores

Because gas hydrates are only stable in proper pressure and temperature within the gas hydrate stability
boundary, recovering natural gas hydrate-bearing sediment suitable for physical property testing must be
done using pressure cores, which retain near-in situ pressures throughout the core’s recovery process and
measurement process (Priest et al., 2015; Santamarina et al., 2015; Schultheiss et al., 2011; Yoneda et al.,
2015, 2017; see also Dai et al., 2017, for a recent review of pressure coring and measurement technology).
Pressure cores are generally stored with pressurized fresh water in contact with the sediment, and due to
the complexities and logistics required to set up pressure core measurements in the laboratory, cores can
remain in storage for months or more prior to testing. During storage of short samples (6 to 17 cm) intended
for experiments near in situ pressure, the core’s in situ saline pore fluid can be freshened by the surrounding
pressure-chamber water used for maintaining nearly in situ pressures. Based on the simplified 1-D diffusion
equation (t = L2/D, where the t is diffusion time, L diffusion distance, and D diffusion coefficient), the mini-
mum time for the core’s average pore water salinity to fall to half its original value a distance L = 25.4 mm
(1 in.) from the core end is approximately 5 days when D = 1.5 × 10�9 m2/s (Vitagliano & Lyons, 1956).
Even without net flow through the core during storage, the pore fluid exchange could be expedited by ambi-
ent cyclic fluctuations such as temperature change and vibration (Cowin, 1999; Piekarski & Munro, 1977;
Wang et al., 2000). Caution should be applied when analyzing such cores, with the understanding that macro-
scopic properties of stored cores (e.g., compressibility) may reflect values associated with freshened pore
water rather than the in situ saline pore water.

5. Conclusions

This work demonstrates how the liquid limit-based electrical sensitivity can be used to anticipate complex
sedimentation and compressibility behavior from a knowledge of the sediment mineralogy. Electrical sensi-
tivity captures how changes in pore water chemistry alter microscale (interparticle) interactions, and these
interactions manifest themselves as alterations of macroscopic properties such as sediment compressibility.
Inherently, high electrical sensitivity sediment transforms its fabric due to pore fluid chemistry changes with
the sedimentation pattern and compression behavior shifting accordingly. Though the results presented
here are measured on pure, end-member fines, the nearly universal presence of fines in sediment means that
the results are important even when interpreting the response of primarily coarse-grained sediments to
evolving stress or pore fluid conditions. Based on electrical sensitivity links with fundamental geotechnical
property measurements such as particle sizes and particle shapes, the impact of pore fluid chemistry changes
on sediment properties can be predicted through the following generalizations:

1. Stress transfer in the gravitational force dominated fabric or low electrical sensitivity fines fabric is primar-
ily across contacts between the larger grains, so volume changes during consolidation are mainly due to
the mechanical behavior of particles at contacts between larger grains.

2. During sedimentation, electrically sensitive fines show visual differences in settling rate and final
sedimentation height. Due to particle shape and surface charge distribution, the fabrics and stress transfer
mechanisms of fines with intermediate and high electrical sensitivity are controlled by electrical
force-dominated fabric mechanisms: DDL (e.g., bentonite), edge-to-face fabric and face-to-face fabric
(e.g., kaolin), and the Sogami-Ise model of attraction (e.g., suspended silica particles).

3. Although the electrical sensitivity index does not indicate themechanisms by which electrical interactions
and particle shapes determine sediment fabric, the electrical sensitivity of sediments provides insights to
changes in the compressibility in a given sediment to ionic concentration and permittivity changes in
pore fluid chemistry.

4. During depressurization to extract methane from gas hydrate, the electrical sensitivity index provides
insight into sediment fabric and compressibility changes due to freshening. The extent to which fines
enhance or mitigate sediment compression depends on the specific types and concentration of fines in
the system. However, the combination of pore water freshening and fluid flow is anticipated to increase
the capacity of fines to mobilize and subsequently reduce permeability via pore-throat clogging and also
to disturb coarse-grained sediment contact and exacerbate sand production.
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Appendix A

The Poisson-Boltzmann equation for charge and potential distribution (Israelachvili, 2011; Santamarina et al.,
2001):

∂2ψ xð Þ
∂x2

¼ 2c0z2F2

ε0ε
0RT

ψ xð Þ; (A1)

where ψ (x) is the electrical potential at distance x from surface, c0 is bulk fluid concentration, z is ion valence,
F is Faraday’s constant 9.6485 × 104C/mol, ε0 is the permittivity of free space 8.85 × 10�12F/m, ε0 is relative
permittivity, R is the gas constant 8.314 J/(K/mol), and T is temperature.

Diffuse double-layer thickness ϑ:

ϑ ¼ 1
κ
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0R
2F2

κ0T
c0z2

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0kB

2e20Nav

ε0T
c0z2

s
; (A2)

where kB is Boltzmann’s constant 1.38 × 10�23 J/K, e0 is the electron charge 1.602 × 10�19C, and Nav is
Avogadro’s number 6.022 × 1023 mol�1. Diffuse double-layer repulsion RDL (Pa):

RDL ¼ 64RTc0e�
r
ϑ ; (A3)

where the r is distance between two surfaces. Van der Waals interaction Avdw (Pa) between two flat surfaces:

Avdw ¼ � Ah
6πr3

; (A4)

where Ah (J) is Hamaker constant.

The Poisson-Boltzmann equation for the total electrostatic energy of the system in Sogami-Ise model
(Sogami, 1983; Sogami & Ise, 1984):

ε ∇2 � κ2
� �

ψ xð Þ ¼ �4∑Nn¼1Zne0ρn xð Þ � 4π ∑
ν

i¼1
ni0zie0; s (A5)

where ε is the permittivity, ν is the number of species of simple ions, ni0 is the average number of ions of
type i per unit volume, ρn (x) is the charge distribution function for macromolecule (radius = a) with electric
charge Ze0 in terms of Rl the center of gravity

ρn xð Þ ¼ δ x � Rlj j � að Þ
4πa2

; (A6)

and ψ (x) potential field is

ψ xð Þ ¼ ϕ xð Þ þ 4πe
ϵκ2

∑ini0zi; (A7)

where the ϕ (x) is shifted potential field. The total electrostatic energy of the system is

E ¼ ε
8π

∫ ∇ψ xð Þ½ �2dx ¼ 1
2
∫∇ψ xð Þ � εκ2

4π
ϕ xð Þ

� 	
dV þ 1

2
∑nZne0∫ψ xð Þρn xð Þdx: (A8)

The first term on the right-hand side entails the attractive force for particle clustering.
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