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Discussion of Findings from Experimental Descent of Gas Hydrate Stability Zone 

The experimental boundary conditions do not replicate the situation in gas reservoirs 
converted to hydrate in the Arctic. The key differences are that in the experiment water can move 
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to the hydrate stability zone only from below, while in nature water can move from below and 
from above. In experiment gas can move to the hydrate stability zone from below and from 
above, while in nature it can move only from below. Finally, the fluid phase pressures decrease 
with time in the experiment (though the conditions remain within the hydrate stability field 
throughout), while the water phase pressure does not change with time in nature. These 
differences are minor and do not alter the essential similarities to the natural situation. In the 
experiment and in nature, the base of the gas hydrate stability zone descends gradually through 
an existing gas accumulation, and fluid phases are free to move in response to any gradients that 
arise as hydrate forms. The latter point is important: no fluid flow (neither pressure-driven nor 
capillarity-driven) is imposed in the experiment. Instead the system evolves a combination of 
buoyancy-, pressure- and capillarity-driven fluxes of the gas and water phases, and these fluxes 
balance the various resistances to transport. 

The model predicts that the contribution of capillarity-driven flux is significant in these 
experiments. In fact Rv~0.69 when capillary-dominated flow is taken into account while Rv~1 
when only the viscous dominated portion of the flow was considered. This is consistent with our 
findings in previous sections of this report, namely, pressure-driven flow cannot supply water 
from below the BGHSZ fast enough to sustain hydrate formation. Moreover the model predicts 
that the amount of gas flows to the GHSZ from above quickly diminishes as both the effective 
permeability, due to hydrate formation within the GHSZ, and gaseous phase relative 
permeability, due to decrease in gas saturation within the GHSZ, decrease. Therefore, the main 
contribution for gas flow would be flow from the middle gas inlet. While the gas flux from above 
and from below could not be independently measured in this experiment, the consistency of the 
model with other observations suggests that all the fluids needed during conversion to hydrate 
can be supplied from below. But this is possible only if capillarity-driven flux is accounted for.  

The consistency of the capillarity-driven flux model with the experimental observations 
suggests that the finding in the previous section, viz. that the observed hydrate saturation profile 
in Mt. Elbert arises naturally from the capillarity-driven fluxes, is not a coincidence. That is, 
these findings suggest that the gas reservoir conversion process is slow, that it introduces modest, 
even negligible pressure gradients but impose significant gradients in saturation which, along 
with gas buoyancy, feed the appropriate volumes of fluids to the GHSZ.  

A complete validation of the model would compare the predicted hydrate saturation profile to 
the observed profile in Fig. 60. Unfortunately this is not possible because we do not know the 
initial gas saturation profile. The required horizontal positioning of the column during scanning 
would have disrupted the gas-water saturation distribution achieved in the vertical orientation of 
the experiment. Thus the experiment proceeded with knowledge only of the mass of gas in the 
column and the observation that gas was produced from the bottom of the column during 
injection. This is sufficient only to bound the possible initial saturation profile, e.g. if it were 
uniform, the initial gas phase saturation would have been 0.20. As discussed above, it is possible 
to make a plausible estimate of the original gas saturation profile, and this does lead to a 
prediction consistent with the final profile. It would be valuable to repeat the experiment and 
eliminate this uncertainty.  

The coarse/fine layering in the sand pack was intended to represent the variation that allows 
for disconnection of the gas column as the gas-water contact rises during conversion to hydrate. 
This is a key mechanism leading to large saturations in the upper portions of layers, separated by 
regions of small hydrate saturation. The experiment did not test this mechanism directly, because 
the pressure in the gas phase probably was controlled by gas column height. Though the 
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gas/water contact presumably rose during the experiment as water entered the bottom of the 
sandpack, the gas phase in the sandpack was always connected to the gas reservoir pressure by 
the inlets at the top and at the midpoint of the sand pack. Thus disconnection of the gas column 
across fine sand layers probably did not occur, and the gas phase was able to flow anywhere 
within the top half of the sandpack throughout the experiment.  

Conclusions from Experiment on Descending Base of Gas Hydrate Stability Zone 

After establishing a gas saturation within a long (1 m) sand column, short (10 cm) sections of 
the column were sequentially (from top to bottom) cooled to conditions at which hydrate was 
stable. While the boundary conditions (a source of gas and water phases at same pressure, with 
gas line connected to the top and midpoint of the sand column and water line connected to the 
bottom) were not the same as those during the descent of the base of gas hydrate stability zone 
through gas reservoirs in the Arctic, the driving force for fluid phase movement was identical: 
the consumption of gas and water and the reduction in phase volume accompanying hydrate 
formation. A mathematical model of fluid phase transport that accounts for fluxes due to 
buoyancy pressure gradient and capillary pressure gradient correctly predicted the movement of 
gas phase and water phase into the sand column from the reservoir, given the observed rate of 
hydrate formation and the observed pressure history. The agreement with observation is 
significant, since it requires achieving the correct balance between the different driving forces.  

Capillarity-driven fluxes are essential for explaining the observed hydrate distribution. The 
experiment thus supports the hypothesis that saturation gradients are a key mechanism in the 
process of converting gas reservoirs to hydrate in the Arctic. 
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Fracturing Dominated Behavior

Preferential mode of gas invasion in sediments: Grain-scale mech-
anistic model of coupled multiphase fluid flow and sediment me-
chanics

Introduction
Gas migration through water-filled soft sediment is an essential component of the dynamics of the
seafloor. It governs, for instance, the spatiotemporal characteristics of natural gas seeps and vent
sites [Judd et al., 2002; Heeschen et al., 2003; Best et al., 2006], the biochemical processes in the
shallow sub-seafloor as well as the ocean floor [Suess et al., 1999], the mechanical and acoustic
properties of submarine sediments [Anderson and Hampton, 1980; Anderson et al., 1998; Waite
et al., 2008], the creation of pockmarks in the ocean floor [Hovland et al., 2002; Sahling et al.,
2008], and the accumulation of gas hydrate (notably methane) in ocean sediments. Understanding
gas transport in soft sediments is also key to assessing the viability of carbon dioxide sequestration
in the sub-seafloor, either by hydrate formation [Koide et al., 1995, 1997b] or gravitational trapping
[Koide et al., 1997a; House et al., 2006; Levine et al., 2007; Goldberg et al., 2008].

Methane hydrates—crystalline ice-like compounds composed of methane molecules caged in
a lattice of water molecules [Sloan, 1998]—form naturally at high pressures and low temperatures,
like those typical of most of the ocean floor. It is believed that an enormous pool of carbon exists
in the form of methane gas and methane hydrate in the ocean floor along the continental margins
[Kvenvolden, 1988; Sloan, 2003], although the global estimates of the energy resource are highly
uncertain. It also seems likely that this pool of carbon plays an important role in massive submarine
landslides [Paull et al., 2003] and in the global carbon cycle [Dickens, 2003]—its sudden or gradual
release has been hypothesized to be the cause of past and future climate change [Dickens et al.,
1995; Buffett and Archer, 2004; Archer et al., 2009].

Methane hydrate systems in ocean sediments have been the subject of intense research in recent
years. A significant component of that effort is directed towards gaining a better conceptual picture
of the hydrogeological environment of gas hydrate systems. Particular attention has been devoted
to the two end-members [Trehu et al., 2006b]:

1. The hydrogeologically more active, dynamic end-member, exemplified by Hydrate Ridge,
offshore Oregon [Suess et al., 1999; Tryon et al., 2002; Heeschen et al., 2003; Trehu et al.,
2004b; Weinberger et al., 2005].

2. The hydrogeologically less active, quiescent end-member, illustrated by Blake Ridge, off-
shore South Carolina [Holbrook et al., 1996; Dickens et al., 1997; Hornbach et al., 2007].

One of the fundamental observations at these two sites is the co-existence of methane hydrate,
gas and brine within the hydrate stability zone (HSZ). This is especially noticeable in dynamic
environments [Wood et al., 2002; Milkov et al., 2004; Torres et al., 2004; Zühlsdorff and Spiess,
2004; Heeschen et al., 2007; Sahling et al., 2008], but has been observed in low-flux hydrate
provinces [Gorman et al., 2002]. It seems clear that, in some geologic settings, methane transport
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through the HSZ cannot occur solely as diffusive and advective transport of dissolved methane in
the aqueous phase [Torres et al., 2004; Trehu et al., 2004a; Liu and Flemings, 2006].

The scientific community is now undergoing a heated debate as to what are the reasons for co-
existence of hydrate and gas [Milkov and Xu, 2005; Torres et al., 2005; Ruppel et al., 2005], which
include: (1) kinetics of hydrate formation [Torres et al., 2004]; (2) regional geotherms [Wood et al.,
2002]; (3) hypersaline brines as a result of hydrate formation [Milkov et al., 2004]; and (4) fast,
focused flow of free gas through fractures and high-permeability conduits [Flemings et al., 2003;
Hornbach et al., 2004]. The importance of methane migration as a separate gas phase, and the need
to account for multiphase flow effects coupled with hydrate formation, have already been pointed
out over a decade ago [Ginsburg and Soloviev, 1997; Soloviev and Ginsburg, 1997].

It has been proposed that free gas accumulation beneath the HSZ may reach a critical thickness
to dilate fractures or activate pre-existing faults that will serve as conduits for fast upwards gas
migration [Wood et al., 2002; Flemings et al., 2003; Trehu et al., 2004a; Hornbach et al., 2004;
Zühlsdorff and Spiess, 2004; Obzhirov et al., 2004; Netzeband et al., 2005; Weinberger and Brown,
2006; Liu and Flemings, 2006, 2007]. Although they did not address the problem at the grain scale,
Liu and Flemings [2007] also predicted that at fine grain size and high capillary entry pressure,
fracture propagation would dominate the process as gas pressure exceeded the horizontal stress.
In this case, it is clear that the study of the hydrate system must be coupled with the mechanical
response of the host sediments containing hydrate.

Our hypothesis is that coupling of multiphase fluid flow and sediment mechanics leads—under
certain conditions to be described below—to preferential fracturing of the sediment. The cre-
ation of these capillary pressure-driven fractures provides fast paths for upwards migration of
methane gas through the HSZ, which in turn explains the co-existence of methane gas and hy-
drate [Behseresht et al., 2008; Jain and Juanes, 2008].

In this paper, we support this hypothesis by developing a mechanistic model at the grain scale.
We develop a discrete element method (DEM) to model the strong coupling between the pore fluids
and the mechanical behavior of the sediment. We rigorously account for the presence of one or
more fluids in the pore space by incorporating additional sets of forces due to pore fluid pressures
and interfacial tension between the fluids. We demonstrate the DEM’s ability to reproduce core-
scale behavior, as measured by triaxial laboratory experiments and fluid flow tests. The proposed
methodology elucidates the depositional environments (grain size and earth stresses) under which
migration of methane gas by fracturing of the sediment is favored over capillary invasion. This
determines the distribution of methane gas and hydrate, and the likelihood that gas and hydrate
will co-exist. Even though the analysis is done at the grain scale, these results have important
implications at the geologic or planetary scale, such as for estimating the magnitude of methane
fluxes into the ocean, and the overall size of the hydrate energy resource.

Theory, Formulation and Methods
The Discrete Element Method (DEM) [Cundall and Strack, 1979] has proved a valuable tool to
study the mechanisms for deformation and failure of granular materials with variable degree of
cementation [Bruno and Nelson, 1991]. Moreover, based on simple geometric arguments, stress
variations (and subsequent deformation) have been shown to affect flow properties such as porosity
and permeability [Bruno, 1994].

Each element or grain is identified separately by its own mass, moment of inertia and contact
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properties. For each grain, its translational and rotational movements are described by solving
Newton’s second law of motion. The mechanical behavior at the deformation region of grain
contact is approximated by introducing a grain contact model, such as a system of a spring, dashpot
and slider (Figure 69).

Micromechanics of “dry” media

The movement of a grain is dictated by the net force and moment acting on it. For a dry model,
that is, one in which pore pressures are negligible, the forces for each grain may include: (1) a
contact force Fc due to the deformation at the grain contacts, (2) a damping force Fd due to
grain non-elastic collisions; (3) an external force Fb due to gravity and prescribed tractions at the
boundaries. The contact force Fc can be further split into normal and tangential components, Fn

c

and Fs
c, respectively.

The simplest (linear elastic) mechanical behavior at the grain contacts is described by the fol-
lowing equations:

F n = knUn, ∆F s = −ks∆Us, (1)

where Un is the overlap, ∆Us is the tangential displacement, and kn and ks are the normal and
shear stiffness at the contact, respectively [ITASCA, 2004; Potyondy and Cundall, 2004]. Inelastic
behavior emerges due to either slip between grains, or breakage of contact bonds. Inelasticity is
reflected by the constraints:

F s ≤ µ̄F n, F n ≤ ϕn, F s ≤ ϕs, (2)

where µ̄ is the contact friction coefficient, and ϕn and ϕs are the normal and shear strengths (in
force units) of the contact.

Bulk behavior of a granular system is a collective response determined by all the individual
grain–grain interactions. For dry sample analyses, the interparticle interactions can be associated
with a network of grain–grain contact forces connecting the centroids of grains that are in contact.

Given the set of forces Fj and moments Mj acting on the ith particle, its motion is described
by the following equations:

miẍi =
∑
j

Fj, (3)

Iiθ̈i =
∑
j

Mj. (4)

Here, xi and θi are the position vector of the grain centroid and the angle vector of rotation about
the centroid; the double dots denote second time derivatives of the position and rotation angle; mi

is the mass; and Ii is the tensor of moments of inertia, respectively. The equations of motion (3)–(4)
must be solved simultaneously for all grains in the system via a numerical integration scheme. A
commercial three-dimensional DEM code, PFC2D [ITASCA, 2004], was used to integrate these
equations in time.

Micromechanical vs. Macroscopic Parameters The parameters that need to be defined at the
grain-scale level are ρs (grain density), µ̄, kn, ks, ϕn and ϕs, as well as the grain size distribution,
which we shall characterize simply by the grain radius interval [rmin, rmax].
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Figure 69: Schematic diagram of a grain–grain contact in a Discrete Element Model. Elastic forces
are represented by springs, with normal stiffness kn and shear stiffness ks. The contact model
includes inelastic and irreversible mechanics through friction (a slider with friction coefficient µ̄),
viscous damping (dashpots with damping coefficient β), and bond rupture.

From DEM simulations of biaxial tests, the linear elastic macroscopic parameters (Young mod-
ulus E and Poisson ratio ν), as well as strength properties (yield stress σy, friction angle ϕ, co-
hesion c, etc.) may be computed. In order to obtain macroscopic parameters that are independent
(or only slightly dependent) on the grain size, the contact strengths must scale with the grain size
[Potyondy and Cundall, 2004]:

ϕn = σ̄c2rgw, ϕs = τ̄c2rgw, (5)

where σ̄c and τ̄c are the normal and shear contact strengths (in stress units)—assumed to be inde-
pendent of grain size—and w is the width of the 2D assembly in the third dimension.

Time Step Selection for Mechanics Simulation Since explicit time integration is used, the time
step is bounded by stability considerations. The characteristic time required to capture the dynam-
ics is [ITASCA, 2004]

δt ∼
√
m/kn, (6)

where m is the mass of the particle. In PFC2D, grains are assumed to by disks of unit width
(w = 1 m), so m = 2πr2

gwρs and, therefore, the critical time step for mechanical stability scales
as follows:

δtmcrit ∼ rg
√
ρs/kn. (7)
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Figure 70: Conceptual picture of the fluid-solid interaction model at the pore scale when a single
fluid is present.

Micro-Poromechanics of Single-Fluid Systems

From the theory of poromechanics [Biot, 1941], it is well known that pore pressure will influence
mechanical behavior. Essentially, compressive stresses in granular media are transmitted both
through a solid skeleton and the pore fluids. Recently, models have been developed to incorporate
this effect in DEM with a single-phase pore fluid [Shimizu, 2004; Cook et al., 2004; Li and Holt,
2001, 2004].

When the pore space is filled with a single fluid phase at non-negligible pressure, the associated
forces must be incorporated in the model. A conceptual view of the new set of forces is shown in
Figure 70. Computationally, the model then consists of two overlapping and interacting networks:
the grain network and the fluid network. A particular instance is shown in Figure 71. The force
fluid in a given domain exerts on a neighboring grain is obtained by integrating the pressure along
the pore–grain contact area. In our implementation, a pressure force is directed from the center of
the fluid domain to the grain center. Therefore, pressure forces do not induce rotation.

Consider one particular fluid domain, as sketched in Figure 72. The micromechanical equations
can be summarized as follows. The flow rate out of the fluid domain through a pore throat is

qj = Cj
p− pj
Lj

, (8)

where Cj is the throat conductance, Lj is an effective distance between pore centers, and p, pj
represent the pressures in the fluid domain and its neighbor, respectively. The conductance is
inversely proportional to the fluid viscosity µ, and proportional to the square of the effective throat
area Aj:

Cj =
C̃j
µ

A2
j

2rg
w, (9)

where C̃j is a dimensionless throat conductance. The derivation of this equation from the solution
of a Stokes flow problem, and the expressions for C̃ and A, are given in Appendix .
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Figure 71: Representation of the grain assembly (yellow circles) and the grain network (green
lines). At the center of each fluid domain is a pore body (blue dots), connected by the fluid network
(blue lines).
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ρ,, pVp jq

Figure 72: Schematic representation of a fluid domain. At any given time, each fluid domain is
characterized by its pore volume Vp, and the pressure p and density ρ of the fluid. Fluid can go in
and out of the pore domain at a rate qj into the neighboring fluid domains.

The grains have certain compressibility, and the radius of a spherical grain varies according to

rg = rg,0

(
1− p

3Ks

)
, (10)

where rg,0 is the initial radius (at zero fluid pressure),Ks is the bulk modulus of the solid grain, and
p is the average of the pore pressures around the grain. Finally, mass balance over a fluid domain
gives the following pressure evolution equation for a pore volume Vp:

δp =
Kf

Vp

(
−δVp −

∑
j

qjδt

)
, (11)

where Kf is the fluid bulk modulus, and δp is the pressure variation after a time step δt. The
main feature of our model is the term−δVp, which accounts for the change in volume of each pore
caused by changes in grain locations. This term has been neglected in previous investigations of
pore-scale poromechanical models but is essential, for example, to reproduce pressurization of the
fluid upon fast compaction. It also reflects the reverse coupling present in Biot’s self-consistent
theory of poroelasticity.

There is a formal analogy between the micro-poromechanical equations presented above and
Biot’s self-consistent theory of poroelasticity [Biot, 1941; Wang, 2000]. We expect the DEM for-
mulation will reproduce the linear theory of poroelasticity only in the range of small deformations
and small pressure changes. Under such conditions, the poroelastic parameters can then be deter-
mined from DEM simulations. When these conditions are not met, nonlinear/irreversible behavior
is expected to emerge in the DEM model, driven by contact slip, bond breaking and grain rear-
rangement.

Time Step Selection For Fluid Flow Simulation The grain-scale fluid flow equations (11) are
solved using an explicit time integration scheme. The time step must be restricted for the scheme
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to be stable. The characteristic time associated with the microscopic fluid flow dynamics is

δt ∼ Vp
Kf

δp∑
j qj

. (12)

Introducing Equations (8) and (9), we express the characteristic time as

δt ∼ Vp
Kf

2rgµ

w

∑
j

Lj

C̃jA2
j

. (13)

Using the scaling Vp ∼ r2
gw, and A ∼ r2

g , the critical time step for fluid flow stability scales as
follows:

δtfcrit ∼
µ

C̃Kf

. (14)

In a coupled poromechanics simulation, the time step must be smaller than the minimum of the
critical values in Equations (7) and (14).

Micro-Poromechanics of Two-Fluid Systems

In the environments of interest for methane hydrates—in particular, at the base of the hydrate
stability zone—two fluid phases exist: a liquid brine phase, and methane gas. One of the key
differences between single-fluid and two-fluid systems is the presence of a fluid–fluid interface.
Due to surface tension effects, the pressures on both sides of the interface (that is, the pressure in
the brine and the pressure in the methane gas) can be very different.

The key question is: what is the preferential mode of gas invasion? Two different fundamental
mechanisms are at play (Figure 73): (1) capillary-dominated invasion of a rigid solid skeleton,
and (2) fracturing of the sediment. While capillarity governs invasion of gas through the porous
medium, mechanical effects may lead to deformation and fracturing of the sediment skeleton,
thereby triggering invasion when it would otherwise not occur. Preferential fracturing of the sed-
iment requires differences in pressure between neighboring pores. While this is typically not a
favored scenario in single-fluid systems (unless a fluid is injected at very fast flow rates and pres-
sures, as in hydraulic fracturing operations), it is natural in two-fluid systems because the two
fluids have different pressures. Before the pore is invaded, the pore-pressure forces correspond to
the water pressure. Once the pore is invaded by gas, it is the gas pressure that exerts a net force
onto the surrounding grains. Since the two fluids do not mix, a pressure difference does not dissi-
pate. This pressure difference may lead to preferential fracturing of the sediment. These processes
clearly couple flow and deformation, at both the grain scale and the macroscopic scale.

Capillary Invasion Consider invasion of methane free gas by capillary invasion (Figure 73(middle)).
The gas/water interface will invade a throat if the capillary pressure (that is, the difference between
gas pressure and water pressure) is larger than the capillary entry pressure [Richards, 1931; Lev-
erett, 1941; Mayer and Stowe, 1965]. The capillary entry pressure is proportional to the interfacial
tension γ, and inversely proportional to the throat opening. Let d be the throat gap (which, in a
2D model, may be negative if there is overlap between the grains). In Appendix , we derive the
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solid water

gas

gas

invasion by capillary pressure

invasion by fracture opening

gas

Figure 73: Schematic diagram of the two modes of methane gas invading a sediment. Top: before
invasion, the gas–water interface of a buoyant gas plume underlies water-filled sediment. Middle:
invasion will occur if the capillary pressure (the difference between gas pressure and water pres-
sure) exceeds the capillary entry pressure, which is inversely proportional to the pore diameter.
Bottom: invasion by fracture opening; if the exerted pressure is sufficient to overcome compres-
sion and friction at grain contacts, a fracture will form. In a multiphase environment, due to surface
tension effects, the pressure difference between water and gas will not dissipate quickly through
the porous medium, and water at grain contacts will increase cohesion.
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following expression for the gas pressure to invade a throat:

pg − pw ≥
2√

1 +
(

1 + d
2rg

)2

− 1

γ

rg
. (15)

Fracture Opening Clearly, if the grain size is large, the process of capillary invasion is favored
and gas invasion can occur even if the porous medium is rigid. In this case, the gas invasion
pressure into the sediment is given by Equation (15). On the other hand, for small grain size
(high capillary entry pressures), gas invasion will not occur until the grains are pushed apart (Fig-
ure 73(bottom)).

For an idealized scenario of cohesionless material under undrained plane-strain conditions, a
fracture will propagate when the gas pressure exceeds the minimum compressive stress (assumed
horizontal):

pg − σH ≥ 0. (16)

This condition of fracture opening must be extended to the case when cohesion σ̄c exists. In porous
media filled with a single fluid, the source of cohesion (tensile strength) is grain cementation and
consolidation. When the pore space is occupied by two fluids of different wettability, capillary
forces induce additional adhesion between particles (Figure 74) [Orr et al., 1975; Lian et al., 1993;
Cho and Santamarina, 2001].

Because there is stress concentration at the fracture tip, the fracturing pressure depends not
only on the earth stresses and the cohesive stress, but also the fracture’s length. In the realm of
linear elastic fracture mechanics (LEFM), the fracturing pressure is

pg − σH ≥ CLEFM
KIc√
πa
, (17)

where KIc is the fracture toughness, a is the length of the fracture, and CLEFM is a coefficient
that depends on the geometry, the ratio of horizontal to vertical stresses, and loading conditions
[Anderson, 1991]. In the context of particle assemblies, the “measurable” fracture toughness de-
pends on the cohesive strength (and, therefore, on the interfacial tension between fluids) and on
the grain size. This last dependency emanates from the observation that the internal lengthscale in
the fracture toughness is determined by the grain size [Potyondy and Cundall, 2004]. Therefore,
under the assumptions of LEFM, the gas pressure for fracture opening takes the form:

pg − σH ≥ CLEFM

γ
√
rg

rg
√
πa
. (18)

Even though LEFM conditions do not apply to natural sediments, Equation (18) indicates that
asymptotically, pfrac

g − σH ∼ r
−1/2
g . Equation (15) says that the gas pressure for capillary invasion

scales like pcap
g − pw ∼ r−1

g . Both invasion pressures increase as the grain size decreases, but the
capillary invasion pressure increases faster. This analysis suggests that fracturing is favored over
capillary invasion for fine-grained sediments.

In any case, we do not use LEFM. It is the nonlinear evolution of the DEM micro-poromechanical
model that determines when bonds break, and when the gap between grains is large enough for
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additional cohesion due to surface tension

Figure 74: Meniscus pinning in the presence of two fluid phases in the sediment. During multi-
phase flow in porous media, the least wetting phase (gas, white) migrates through the center of
the pores, while the most wetting phase (brine, blue) coats the grains (gray) and forms filaments
around the crevices of the pore space. This configuration leads to gas–water menisci around the
grain contacts. Due to interfacial tension (solid red arrows), these menisci are responsible for an
attraction force between grains (dotted red arrows). At the macroscopic level, this can be inter-
preted as an increment in the cohesion of the material. This is a purely multiphase-flow effect, not
present in single-phase poromechanics.
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the gas interface to advance, according to Equation (15). In this fashion, the gas/water inter-
face advances and a new pore is loaded with a higher pressure. The implementation of multi-fluid
poromechanics is therefore very similar to that of single-fluid systems, except that the key hydraulic
property (the conductance between pore bodies) is set to zero until condition (15) is satisfied.

Capillary invasion and fracture opening are the two end-member mechanisms for methane
transport in its own gas phase, and our coupled grain-scale model allows us to investigate the
competition between the two as a function of grain size, earth stresses, and sediment cohesion.

Results
Micromechanics of “Dry” Media

Sediment Model Generation and Initialization A model sediment is generated by first choos-
ing the number of particles, and reproducing the desired grain size distribution. As we shall see
below, several macroscopic properties (both mechanical and fluid-flow properties) are dependent
on the grain size. Therefore, it is important that the sediment model either reproduces the desired
grain size distribution, or that the assigned microproperties (e.g. bond strength) reflect the disparity
in grain size [Potyondy and Cundall, 2004]. In most of the examples shown in this paper, we have
chosen a relatively narrow, uniform grain radius distribution [rmin, rmax], with rmax = (5/3)rmin.

The particles are randomly placed in a box and allowed to fall under gravity, simulating sed-
imentation (Figure 75). The settling process has two differentiating stages: (1) free fall under
gravity, with limited grain–grain interaction, and (2) settling and grain rearrangement until static
conditions are reached.

The time step is larger initially, during the “free fall” stage, and quickly converges to the value
required for stability of the dynamical system dominated by grain–grain interactions. The time
step is proportional to the grain radius, and inversely proportional to the square root of the grain
stiffness, confirming the stability condition of Equation (7).

Uniaxial Compaction for “Dry” Media Here we show that DEM simulations of “dry” media
(infinitely compressible pore fluid) are able to capture the mechanical behavior of real sediments.
In Figure 76 we plot experimental stress–strain curves of sediment samples from Hydrate Ridge
[Tan et al., 2006] along with curves from DEM simulations. The data come from triaxial tests that
reproduce constant rate of strain (CRS) conditions, in which the lateral stress was also measured.
The DEM model was created by sedimenting particles, and applying an isotropic confining stress
of 20kPa, to start the uniaxial vertical compaction test at the same stress level as the experiments
[Tan, 2004]. The only parameter that we varied to reproduce measured stress–strain behavior
was the grain stiffness kn. The rest of the micromechanical parameters are as follows: ks = kn,
µ̄ = 0.5, σ̄c = τ̄c = 0.

The DEM simulations match the stress–strain behavior measured in the lab even for very high
deformations (up to 16% strain), capturing the material nonlinearity. For an undisturbed ideal
clay sample, the initial portion of the strain–log stress curve would be a straight line with slope
equal to the unload/reload loop slope until reaching its preconsolidation stress. After this point,
the slope would change to the virgin consolidation line slope. The Hydrate Ridge samples exhibit
a large “rollover” at small strains (in the plot of vertical strain versus effective vertical stress on a
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Figure 75: Snapshots of the particle settling process.
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Figure 76: Experimental stress–strain curves for sediments from Hydrate Ridge [Tan et al., 2006],
and comparison with DEM simulations for two different values of the grain stiffness.

logarithmic scale) because they are highly disturbed [Tan, 2004]. For the purpose of validation of
the DEM model, the relevant portion of the curve is that above the pre-consolidation stress.

Although we do not show it here, the DEM model also displays irreversible behavior in that
loading/unloading cycles show hysteresis. However, it is unable to reflect the dramatic increase in
stiffness upon unloading that the data show [Jain and Juanes, 2008].

We also compared the lateral-to-vertical stress ratio, K0, predicted by the DEM model with
the values measured for Hydrate Ridge sediment samples [Tan et al., 2006]. The stress ratio is
measured during 1D consolidation in triaxial cells. In preparation for the test, and to make sure
the sample is fully saturated, initial vertical and horizontal effective stresses were brought to about
20kPa (which is small enough that there is not significant strain) to remove any bubbles from
the sample. To reproduce these conditions, we isotropically consolidated the DEM samples to
20kPa as well prior to performing the 1D consolidation. Therefore, the initial K0 value is 1.
We used the same grain stiffness parameters employed to match the lab stress–strain behavior
(Figure 76), and let the DEM model predict the evolution of the K0 ratio for those experimental
conditions (Figure 77). While the agreement between model and experiments is generally good,
the experimentally-measured values drop down to about 0.5, while those predicted by the DEM
model drop to about 0.6.

Micro-Poromechanics of Single-Fluid Systems

Uniaxial Fluid Flow In this section, we evaluate the fluid flow capabilities of the grain-scale
model. We do so by simulating a one-dimensional fluid flow problem in a cell with drained top
and bottom boundaries, and impervious fixed lateral boundaries. The initial pressure is constant,
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Figure 77: Experimental lateral-to-vertical stress ratio curves for sediments from Hydrate Ridge
[Tan et al., 2006], and comparison with DEM simulations for the same values of grain stiffness
used to match the vertical stress–strain behavior in Figure 76.

and equal to the boundary pressures. Suddenly, a pressure change is applied to the top boundary,
and we simulate the evolution of the pressure and fluid inflow/outflow until a new steady state is
reached. The continuum problem is described mathematically by the partial differential equation:

cv
∂p

∂t
− k

µ

∂2p

∂x2
= 0, 0 < x < H, (19)

where x is elevation, H is the height of the cell, k is the intrinsic permeability, µ is the fluid
viscosity, and cv is the consolidation coefficient [Wang, 2000]. The initial condition is given by:

p(x, 0) = 0, 0 ≤ x ≤ H, (20)

and the boundary conditions are:

p(0, t) = 0, p(H, t) = ∆p, t > 0. (21)

The problem can be expressed in dimensionless form by defining the following dimensionless
quantities:

distance : ξ =
x

H
,

time : τ =
t

Tc
, Tc =

cvµH
2

k
,

pressure : pD =
p

∆p
,

flowrate : QD =
Q

Qc

, Qc =
k

µ

∆p

H
Ww,
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where W is the width and w is the thickness of the cell (that is, the dimensions of the cell in the
directions perpendicular to the flow). The analytical solution to the problem can be found by the
method of separation of variables [Crank, 1975]. The dimensionless pressure field is given by:

pD(ξ, τ) = ξ +
2

π

∞∑
n=1

(−1)n

n
sin(nπξ) exp(−(nπ)2τ). (22)

By differentiating the expression above, we find the expression for the dimensionless flow rate in
and out of the cell:

Qin
D = 1 + 2

∞∑
n=1

(−1)n cos(nπ) exp(−(nπ)2τ), (23)

Qout
D = 1 + 2

∞∑
n=1

(−1)n exp(−(nπ)2τ). (24)

The objective is to determine whether the grain-scale model reproduces the macroscopic be-
havior. The relevant macroscopic parameters are the intrinsic permeability k and the consolidation
coefficient cv. The intrinsic permeability is obtained by matching the flow rate at steady state. The
consolidation coefficient is determined by matching the dimensionless inflow and outflow curves.

We generated an assembly with 1000 grains, and a minimum radius rmin = 1 cm. The vertical
and horizontal dimensions of the cell are, approximately, H = 1 m and W = 0.7 m. We set
the pressure increment ∆p to a small value, so that the effects of pore pressure on the mechanical
deformation are minimal. Once the flow stabilizes, inflow and outflow rates are equal to Qc, and
the intrinsic permeability of the medium can be computed as:

k =
µHQc

Ww∆p
. (25)

The characteristic time Tc is then obtained by matching the numerical inflow and outflow curves,
from which the macroscopic consolidation coefficient is computed as:

cv =
kTc
µH2

. (26)

In Figure 78 we plot the dimensionless inflow and outflow rates as a function of dimensionless
time. The agreement between the DEM results and the analytical solution is excellent, indicating
the flow formulation accurately captures the macroscopic behavior (Darcy flow in porous media).
As a further validation of the model, we compare in Figure 79 the evolution of dimensionless pore
pressure within the sample. By plotting the pressure values from the DEM simulation at individual
pores, we obtain a scattered profile of the average pressure as a function of depth. We compare
these results with the analytical solution at different dimensionless times. Again, the agreement is
excellent.

By repeating the fluid flow simulations with different values of rmin, we determine the depen-
dence of the hydraulic and poromechanical parameters on grain size. The results are compiled in
Table 1, where we confirm that the intrinsic permeability scales with the square of the grain size (as
expected from Stokes theory, and the Kozeny–Carman relation for granular materials). Moreover,
if the fluid is significantly more compressible that the skeleton, the DEM simulations also reflect
that the effective consolidation coefficient cv is inversely proportional to Kf , with the constant of
proportionality being approximately equal to the porosity [Wang, 2000].
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Figure 78: Inflow and outflow rates into the pressure cell. Comparison of DEM simulation (circles)
and analytical solution (solid line).

Table 1: Macroscopic hydraulic and poromechanical parameters for different grain size distribu-
tions.

rmin [m] k [m2] cv/Kf [-]
0.01 0.289× 10−6 0.161
0.001 0.289× 10−8 0.156
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Figure 79: Evolution of pressure profiles during the uniaxial fluid flow test. Comparison of
DEM simulation (dots) and analytical solution (solid line) at different dimensionless times:
τ = 0.000242, 0.00671, 0.0275, 0.0829, 0.175, 1.404.

142



Uniaxial Undrained Compaction A sensitive test of the DEM coupled model’s validity is fluid–
solid behavior during undrained consolidation tests. A sediment model is initialized by gravita-
tional settling. Then the walls are adjusted to achieve an isotropic confining stress state of 0.1MPa
(above atmospheric pressure). Until that point, the fluid is allowed to drain and the pore pressure is
atmospheric (p = 0). Thus, the initial effective stress is 0.1MPa. After that, the sample is sealed so
that no fluid is allowed to drain, and it is subjected to uniaxial compaction. During the undrained
compaction process, the vertical strain ε, total vertical stress σ, and average pore pressure p are
recorded. In view of the effective stress concept [Terzaghi, 1943; Biot, 1941], the total stress re-
quired to achieve a given deformation in a fluid-saturated medium is larger than for a dry medium.
In the realm of the linear theory of poroelasticity, the effective stress is given by:

σ′ = σ − bp, (27)

where b is the Biot coefficient. The dependence of the Biot coefficient on the solid and fluid
properties of the constituents is reasonably well understood [Coussy, 1995; Wang, 2000]. The
Biot coefficient approaches a value of one only in the limit of incompressible grains and point
grain–grain contacts. If the grain and fluid compressibilities are comparable, the Biot coefficient
is less than one.

We used an assembly with 1000 grains, rmin = 0.01 m, kn = 107 N/m, kn/ks = 2.5, and
Kf = 107 Pa. In Figure 80 we show the stress–strain curves for a cemented/cohesive sample
(bond strength σ̄c = τ̄c = 106 Pa—left figure), and for an unconsolidated/cohesionless sample
(bond strength σ̄c = τ̄c = 102 Pa—right figure). In both cases, we plot the stress–strain curves
for the fluid-saturated medium (total stress), and for a dry medium. We confirm that the dry stress
curve can be interpreted as the effective stress, and recovered by subtracting the pore pressure
times the Biot coefficient from the total stress. We infer the Biot coefficient in this way, and the
values obtained agree well with experimental values [Wang, 2000, Table C.1].

Micro-Poromechanics of Two-Fluid Systems

Migration of a gas phase through a deformable medium may occur by two end-member mecha-
nisms: (1) capillary invasion through a rigid medium, and (2) fracture opening. Our DEM model
is capable of reproducing both mechanisms, and can therefore predict the conditions under which
one is favored over the other, and predict gas migration as a result of their combined effect.

Capturing the Fracturing Phenomenon We first illustrate that our DEM model of coupled
two-phase fluid flow and grain mechanics can reproduce fracture initiation and propagation upon
invasion of an immiscible gas phase.

In many (passive) depositional environments, the horizontal stress is lower than the vertical
stress. In such scenarios, one expects the development of vertical fractures that open up the sed-
iment in the direction of minimum compressive stress. In Figure 81 we show that fracturing of
the sediment is not necessarily restricted to anisotropic earth stresses. Even when horizontal and
vertical stresses are equal, the medium tends to fracture in a set of radial, geometrically complex
fractures if gas is injected into a brine-saturated sediment.

Fracturing vs. Capillary Invasion: Influence of Grain Size We find the most sensitive factor
in determining the mode of methane gas transport (sediment fracturing or capillary invasion) is the
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Figure 80: Stress–strain curves for uniaxial undrained compaction. The total stress in the fluid-
filled sample (blue solid line) is higher than the stress in the “dry” sample (black solid line). The
effective stress curve (red circles) is obtained by subtracting the pore pressure (not plotted) premul-
tiplied by the Biot coefficient from the total stress. An appropriate value of the Biot coefficient is
found by matching the effective stress curve with the “dry” stress curve. Left: cemented/cohesive
sample. Right: unconsolidated/cohesionless sample.
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Figure 81: Illustration of the fracturing behavior of a model sediment upon injection of gas, when
the vertical and horizontal stresses are equal. The sediment fractures “isotropically” into a set of
radial, geometrically-complex fractures. Top: The grain assembly (red circles) after fracturing
due to “injection” of gas at the center of the domain. The thick black lines denote compressive
forces at the grain–grain contacts. Note that they are missing from the fractured areas. Bottom:
Representation of the pores occupied by the injected gas (green circles). The thin black lines
indicate grain–grain contacts that have exceeded the contact strength and have therefore “broken”.
Note the complementary nature of this set of lines to that of the force network above.
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grain size: fracturing is favored for fine-grained sediments, while capillary invasion is favored for
coarse-grained sediments. Here we illustrate these two end-members.

The simulation is set up as follows. A sample of 300 grains of grain size [rmin, 2rmin] is gen-
erated by gravitational settling. Since the sample size is much smaller than a representative ele-
mentary volume of sediment, we only simulate a narrow range of grain sizes at a time. The lateral
boundaries are fixed. The sediment is then compacted vertically under constant pore pressure until
a vertical effective stress of 3MPa is achieved. This level of vertical effective stress corresponds
to a depth of about 300m below seafloor. During this vertical compaction, the horizontal effec-
tive stress increases to a value of about 1.6MPa, that is, K0 ≈ 0.53. Inasmuch gravity effects are
negligible in a grain-scale model, the results are independent of water depth; they depend on the
relative magnitudes of capillary pressure (the difference between gas pressure and water pressure)
and effective stress (the difference between the total stress and the pore pressure).

The interfacial tension is γ = 50 × 10−3 N/m. We assume that the cohesion is inversely
proportional to grain radius. This is phenomenologically adequate (fine-grained material like clays
are cohesive) and is also consistent with the adhesive forces that result from the presence of a gas–
water interface [Kato et al., 2004]. For simplicity, we take σ̄c = 2γ/rg. The only parameter that is
left free is the grain size rmin.

During the simulation, we inject gas at the bottom center pore. We incrementally increase the
gas pressure. Between each increment, we allow sufficient time to pass for fluid flow and granular
displacements to stabilize, so mechanical equilibrium is reached.

In Figure 82 we show two snapshots of the evolution of the methane–water interface for a
coarse-grain sediment of characteristic size rmin = 50 µm. It is apparent that during the invasion
of methane gas, there is virtually no movement of the solid grains: the sediment acts like a rigid
skeleton. Indeed, the network of grain contact compressive forces remains the same during the
process. Invasion of gas from pore to pore occurs when the gas pressure (minus the water pressure)
exceeds the capillary entry pressure of the throat (Equation (15)). In this case, the capillary entry
pressure is much lower than the fracturing pressure (the left figure corresponds to Pc ≈ 5 kPa),
and fluid transport is well described by invasion percolation [Wilkinson and Willemsen, 1983;
Lenormand et al., 1988]. Ultimately, if the gas pressure is sufficiently high, almost all the pores
have been invaded by methane gas. In this case, this occurs at a slightly higher capillary entry
pressure of Pc ≈ 6 kPa.

The behavior is completely different when a much smaller grain size is used. The evolution of
the methane gas migration for rmin = 0.1 µm is shown in Figure 83. The range of capillary entry
pressure for the initial configuration is now in the order of 3MPa. However, at this pressure, me-
chanical effects become dominant, and the solid skeleton no longer behaves like a rigid medium.
At Pc ≈ 2.5 MPa, the invading gas starts to initiate a fracture, with its characteristic stress concen-
tration at the fracture tip captured by the DEM model [Potyondy and Cundall, 2004]. The fracture
propagates vertically. The value of the capillary pressure needed to open the fracture corresponds
to a gas column thickness of about 300m below the base of the HSZ. Gas column thicknesses of
this magnitude have been observed in similar geologic environments [Holbrook et al., 1996; Horn-
bach et al., 2004], and interpreted as the cause of critical pressures for gas migration through faults
[Flemings et al., 2003; Hornbach et al., 2004; Trehu et al., 2004a].

Our grain-scale model explains why focused gas flow can occur by means of fracture opening,
even in the absence of pre-existing faults and fractures. It is likely, however, that our model over-
estimates the invasion capillary pressure required for fracturing, due to boundary effects. This can
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Figure 82: Snapshots of the evolution of the methane gas-water interface for the case rmin = 50µm.
The pores occupied fully by gas are represented with blue dots at the pore centers. The maroon
lines indicate compression at grain-grain contacts. The green lines represent tension, which is
supported by cohesion between grains. Left: Pc = 5 kPa. Right: Pc = 6 kPa.

Figure 83: Snapshots of the evolution of the methane gas-water interface for an assembly with
rmin = 0.1 µm. The pores occupied fully by gas are represented with blue dots at the pore centers.
The maroon lines indicate compression at grain-grain contacts. The green lines represent tension,
which is supported by cohesion between grains. The pink lines show where cohesive bonds were
broken. Left: Pc = 2.5 MPa. Right: Pc = 2.55 MPa.
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Figure 84: Evolution of the vertical and horizontal mean effective stress during fracture propaga-
tion for the simulation shown in Figure 83. The invading gas pressure remains constant through-
out, but the vertical and, especially, the horizontal stress at the boundaries increase during fracture
growth. The boundaries introduce an artificial stiffness in the problem that results in an overesti-
mation of the gas invasion pressure.

be seen from the grain forces on the lateral boundaries in Figure 83, which change significantly
as the fracture propagates. This is confirmed by the increase of the vertical and, especially, hor-
izontal mean effective stress during fracture growth (Figure 84). The presence of computational
boundaries near the propagating fracture introduces an artificial stiffness to the problem.

Discussion and Conclusions
We have presented a discrete element model for simulating, at the grain scale, gas migration in
brine-saturated deformable media. The model has been validated for many processes, includ-
ing: (1) generating sediment models by gravitational settling and compaction; (2) stress–strain
behavior of ocean sediments; (3) transient single-phase flow for determining hydraulic parame-
ters; (4) undrained compaction tests for determining poromechanical parameters.

The coupled model permits investigating an essential process that takes place at the base of the
hydrate stability zone: the upward migration of methane in its own free gas phase. We elucidate the
two ways in which gas migration may take place: (1) by capillary invasion in a rigid-like medium;
and (2) by initiation and propagation of a fracture.

Each end member can be analyzed separately, and conditions for gas invasion can be found for
the capillary-dominated and fracture-dominated regimes. We find the main factors controlling the

148



mode of gas transport in the sediment are the grain size and the effective confining stress. We have
shown that coarse-grain sediments favor capillary invasion, whereas fracturing dominates in fine-
grain media. Recent laboratory experiments of gas invasion and bubble growth in soft, fine-grained
sediments provide convincing evidence that fracturing is a relevant mechanism for gas transport
[Boudreau et al., 2005; Best et al., 2006]. The cornflake-shaped, subvertical fractures observed in
those experiments are strikingly similar to those simulated with the mechanistic grain-scale model
presented here.

The significant contribution of our coupled model is that it captures both phenomena and, as
a result, allows us to study the transition between the two regimes. We synthesize the transition
from capillary invasion to fracture opening in Figure 85. We plot the gas pressure required for
invasion into a sediment at an effective confining stress of 3MPa (typical of a sediment-column
depth of about 300m) as a function of grain size. For sufficiently coarse grain size, gas invades by
capillarity. According to Equation (15), the invasion capillary pressure for this regime decreases
with increasing grain size, and has the following scaling:

P cap
c ∼ r−1

g . (28)

This scaling is clearly confirmed by our DEM simulations, which collapse onto a straight line of
slope −1 on the log-log plot of Pc vs. rg.

There exists a critical grain size, in this case rg ≈ 0.1 µm, at which the transition from cap-
illary invasion to fracturing occurs. For grain sizes below this critical value, invasion is always
by fracture opening. The pressure required for opening a fracture, however, does depend on grain
size. Under LEFM conditions, the expected scaling from Equation (18) is:

P frac
c − σ′H ∼ r−1/2

g , (29)

which corresponds to a straight line of slope −1/2. This behavior is not confirmed by our grain-
scale model, which accounts for the coupling between two-phase flow and inelastic grain-scale
mechanics. This suggests that inelastic and capillary effects are essential in the fracturing process.

These emergent phenomena have important implications for understanding hydrates in natural
systems (either ocean sediments and permafrost regions). Our model predicts that, in fine sedi-
ments, hydrate will likely form in veins that follow a fracture-network pattern. Since the mech-
anism of fracture propagation is self-reinforcing, our results indicate that it is possible, and even
likely, that methane gas will penetrate deeply into the HSZ (and maybe all the way to the ground
surface).

Our model supports the view that, in coarse sediments, the buoyant methane gas is likely to
invade the pore space more uniformly, in a process akin to invasion percolation. While this is
definitely affected by heterogeneity in grain-size distribution, the overall pore occupancy is likely
to be higher than for a fracture-dominated regime, leading to larger time scales for transport. The
predictions from our model are consistent with field observations of hydrates in natural systems
[Suess et al., 1999; Sassen et al., 2001; Flemings et al., 2003; Trehu et al., 2004a; Hornbach et al.,
2004; Trehu et al., 2006a; Riedel et al., 2006; Weinberger and Brown, 2006; Liu and Flemings,
2006, 2007; Collett et al., 2008].

We have not undertaken here an analysis on the relative importance of transport in solution
versus as a separate free gas phase flowing through fractures. However, the importance of free
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Figure 85: Plot of invasion pressure vs. grain size (red circles) for a sediment under 3MPa vertical
effective stress (sediment column depth of about 300m). The red-filled circle denotes the critical
grain size at which the transition in the mode of gas invasion occurs. For larger grain size, gas
invades by capillarity. For smaller grain size, it invades by opening a fracture. In the capillarity-
dominated regime, the invasion capillary pressure decreases with increasing grain size with a slope
of −1 (black solid line), consistent with the theory (Equation (28). In the fracture-dominated
regime, the invasion capillary pressure increases with decreasing grain size, though the predictions
of linear elastic fracture mechanics (black dashed line with slope −1/2) are not in agreement
with our coupled grain-scale model. This suggests the effects of capillarity and inelastic material
behavior cannot be neglected.
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gas fluxes through fractures is demonstrated by the massive free methane gas venting rates ob-
served intermittently at northern Hydrate Ridge [Torres et al., 2002]. Tryon et al. [1999, 2002]
hypothesized that fracture networks rapidly transport the gas from beneath the HSZ to the vents,
a distance of 70–100m. The total methane flux coming out of 10 discrete vents (∼1cm diameter
each), clustered in a depression several meters in diameter, constitutes two-thirds of the total flux,
calculated from seawater methane concentrations in the overlying water column [Heeschen et al.,
2005]. Acoustic imaging shows massive bubble plumes at two other sites in the region [Heeschen
et al., 2005], which likely account for the remaining one-third of the flux to the water column.
Free gas ebullition through vents fed by fractures releases methane from the sea floor at rates many
orders of magnitude faster than transport by advection of dissolved methane in solution through
sediments [Torres et al., 2002]. In terms of velocities, the gas bubbles exit conduits episodically
at about 1m/s [Torres et al., 2002], whereas pore water advection occurs at 0.5–1m/yr, calculated
from dissolved calcium profiles in sediment pore water, or 0.3–1m/yr, calculated from sea floor
methane seepage rates [Torres et al., 2002], so free gas exits conduits more than 107 times faster
than the speed of fluid advection in the sediments. At less active regions, like Blake Ridge, advec-
tive fluxes are two to three orders of magnitude slower than those at Hydrate Ridge [Nimblett and
Ruppel, 2003].

The results from this work also have important implications for carbon dioxide storage in the
deep sub-seafloor, where sequestration is possible by hydrate formation [Koide et al., 1995, 1997b]
and gravitational trapping [Koide et al., 1997a; House et al., 2006; Levine et al., 2007; Goldberg
et al., 2008]. Whether the migration of supercritical CO2 is dominated by capillary invasion or
fracture opening may determine the viability of this sequestration concept in ocean sediments.
In these systems, fractures will have a tendency to propagate vertically [Nunn and Meulbroek,
2002; Boudreau et al., 2005], which could provide fast pathways for the escape of injected CO2 by
pressure gradients. In order to avoid the fracturing regime, it is conceivable that one should inject
in coarse-grained, high-energy sediments such as turbidites.

Appendix A. Throat Conductance
In this section we derive Equation (9) for the throat conductance. Our formulation resolves one
fundamental problem of two-dimensional grain-scale models: the fact that when grains are in con-
tact, the aperture of the throat between pores is zero. Three-dimensional models do not suffer from
this problem, because the throat can be associated with the section of minimum cross-sectional
area between two pore bodies.

Before discussing our formulation for 2D models, consider an individual pore throat in 3D, as
shown in Figure 86. A throat can be considered a microfluidics pipe, with a certain angular cross
section. For creeping flow in a small channel, the Navier–Stokes equations reduce to the elliptic
Poisson equation. For a coordinate system in which one of the axes (say, the z-axis) is parallel to
the channel, the equation and boundary conditions describing the flow read [Bird et al., 1960]:

∇2v = −Ξ

µ
in Ω, (30)

Ξ = −∂p
∂z
, (31)

v(x, y) = 0 on ∂Ω, (32)
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Figure 86: Representation of a pore throat in a three-dimensional grain-scale model [Prodanovic
and Bryant, 2006]. The throat is the section with minimum cross-sectional area between two pore
bodies. This area is positive even when the surrounding grains are in contact, or even if they
overlap.

where µ is the fluid viscosity, Ξ is the (negative) pressure gradient, and ∂Ω is the boundary of the
two-dimensional cross section Ω.

Many solutions to this equation exist for simplified geometries, and useful parameterizations
have been developed in the context of pore-network models of fluid-flow through rocks [Øren
et al., 1998; Patzek and Silin, 2001]. The total flowrate q through the throat cross section can be
expressed in the following form:

q ≡
∫

Ω

v(x, y) dΩ = CΞ, (33)

where C is the throat conductance. Dimensional analysis dictates that the conductance can, in turn,
be expressed as follows:

C =
1

µ
A2C̃, (34)

where A is the cross-sectional area of the throat, and C̃ is a dimensionless conductance. It has
been shown that, for a very wide range of throat shapes, the dimensionless conductance is simply
a function of the shape factor,

G =
A

P 2
, (35)

where P is the perimeter of the throat. In fact, for triangular cross sections, the dimensionless
conductance can be approximated by the simple expression [Patzek and Silin, 2001]:

C̃ =
3

5
G. (36)

152



With precise knowledge of the geometry of the grain assembly, one could compute the area
and shape factor for each throat, and evaluate the throat conductance using the expressions above.
However, since these equations themselves rely on the assumption of creeping flow in cylindrical
channels, it is sufficient to consider a “master” geometry (like the one shown in Figure 86). In any
case, it is important to note that the throat conductance scales with the fourth power of the grain
size:

C ∼ C̃

µ
r4
g . (37)

The question is: how do we apply this conductance formulation to two-dimensional grain-
scale models? In 2D models, the cross section (or aperture) of a pore throat is zero if grains are
in contact. This would lead to a model that does not conduct fluid. To address this issue, previous
investigations typically resort to defining an artificial throat aperture using heuristic arguments
[Bruno and Nelson, 1991; Li and Holt, 2001, 2004; ITASCA, 2004].

We resolve this problem by understanding a two-dimensional model as a collapsed three-
dimensional model. We must make some approximations with respect to the grain arrangement
in the third dimension. In particular, we assume cubic packing of the 3D assembly. Consider two
grains of the same size that are in contact in the 2D model. For cubic packing in the third dimen-
sion, the geometry of the throats is well defined, and the flow rate through an individual throat can
be computed with Equations (33)–(34).

Importantly, this model leads to physically-realistic throat geometries (and, therefore, throat
conductances) regardless of whether the two grains defining a throat are just in contact (gap d = 0),
whether there is a gap between them (d > 0), or whether there is overlap between them (d < 0).
For each configuration, the shape factor can be computed using elementary geometry, and the di-
mensionless conductance evaluated therefrom. In Figure 87, we summarize the throat conductance
formulation for 2D grain assemblies.

In a 2D model, we must collapse the third dimension, and compute the flow rate between pore
bodies as

q2D = q3D
w

2rg
, (38)

where, if w = 1, Q is the flowrate per unit width. Combining Equation (38) with (33) and (34)
leads to Equations (8) and (9), as desired.

Appendix B. Capillary Entry Pressure
The conceptual model presented above also provides a framework for determining capillary entry
pressures in two-dimensional models, which is required to simulate two-phase flow.

Consider, first, invasion of gas through a throat in a three-dimensional setting (Figure 86).
The surface tension between gas and brine is γ, and the contact angle between the gas–water
interface and the solid surface is θ. Gas will penetrate through the throat cross section when
the capillary pressure (the gas pressure minus the water pressure) exceeds the threshold capillary
pressure. The Mayer–Stowe–Princen (MSP) [Mayer and Stowe, 1965; Princen, 1969a,b, 1970]
method for calculating the threshold pressure relies on equating the curvature of the corner arc
menisci to the curvature of the invading interface. Expressions for the drainage capillary entry
pressure have been derived for a variety of cross sections [Mason and Morrow, 1991; Øren et al.,
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Figure 87: Summary of the throat conductance formulation for 2D grain assemblies. The figure
shows the top view of the cross-sectional area of the throat in the collapsed 3D model. (See text
for the definition of the variables and a discussion of the formulation.)
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1998; Patzek, 2001]. They take the form:

P e
c =

2γ

rth

F (θ,G,D), (39)

where rth is the radius of the inscribed circle, and F is a function of the receding contact angle
and the geometry of the throat—through the throat shape factor G and a function D of the throat
corner angles. It turns out that, if the contact angle is small (as it normally is for gas invasion into
a natural sediment), F ≈ 1 [Lenormand et al., 1983; Patzek, 2001]. Therefore, for zero contact
angle, the capillary entry pressure can be approximated by

P e
c =

2γ

rth

. (40)

For a throat formed in the space between three spherical grains of equal radius rg that are in contact,
elementary geometry leads to the expression:

rth = rg

(
2√
3
− 1

)
, (41)

and, therefore, we obtain the simple and useful estimate:

P e
c ≈ 10

γ

rg
. (42)

Once again, we apply this concept to two-dimensional grain-scale models, by assuming simple
cubic packing in the third dimension. In this way, we can rigorously define a throat radius (and,
from it, a capillary entry pressure) even when the 2D throat aperture is zero (because the 2D grains
defining a pore throat are in contact). If the two grains are exactly in contact (see Figure 88), one
can immediately obtain the relation:

rth = rg(
√

2− 1). (43)

When the two grains of equal size are separated by a gap (d > 0), or when they overlap (d < 0),
the relation above can be extended as follows:

rth = rg

√1 +

(
1 +

d

2rg

)2

− 1

 . (44)

Substituting Equation (44) into (40) leads to Equation (15), as desired.
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Figure 88: Geometry of the pore throat in the third dimension of a 2D grain-scale model, for the
definition of the throat radius rth.
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Crossover from fingering to fracturing in deformable disordered
media
The displacement of one fluid by another in disordered media—such as porous media, etched
micromodels, nanopatterned surfaces, or biological tissues—gives rise to complex invasion pat-
terns [Gollub and Langer, 1999]. The classical phase diagram of fluid–fluid displacement delin-
eates three different regimes [Lenormand et al., 1988]: compact displacement, capillary fingering
or invasion percolation [Wilkinson and Willemsen, 1983], and viscous fingering [Paterson, 1984;
Måløy et al., 1985; Stokes et al., 1986]. This classification, which is based on micromodel exper-
iments and modified invasion percolation models, is applicable to drainage in rigid media under
negligible gravity effects. Much attention has been devoted to the characterization of each regime,
as well as the transition among the different regimes [Chen and Wilkinson, 1985; Yortsos et al.,
1997; Ferer et al., 2004; Toussaint et al., 2005]. It has been shown, for instance, that pore-scale
disorder in rigid media impacts the regime transition from invasion-percolation to viscous finger-
ing [Chen and Wilkinson, 1985; Toussaint et al., 2005].

Coupled fluid and granular flow also leads to a variety of patterns, including fractures [Cheva-
lier et al., 2009], viscous fingers [Cheng et al., 2008], desiccation cracks [Meakin, 1991] and
labyrinth structures [Sandnes et al., 2007]. The formation of these patterns typically involves large
particle rearrangements. Interestingly, a transition from viscous fingering to fracturing has been
observed for fluid displacement in viscoelastic fluids and colloidal suspensions [Lemaire et al.,
1991; Lindner et al., 2000]. This crossover depends on the system deformability and on the Debo-
rah number—a ratio of the characteristic times of a flow event and viscoelastic relaxation [Lemaire
et al., 1991].

The fracturing process in a disordered medium has been studied at length [Meakin, 1991].
Block–spring network models that simulate fracture growth have emphasized the role of hetero-
geneity in the mechanical properties (elasticity or strength of the springs), using either annealed
disorder [Meakin et al., 1989; Levermann and Procaccia, 2002] or quenched disorder [Tzschich-
holz and Herrmann, 1995; t. Leung and Néda, 2000]. However, the transition from fluid instability
(capillary or viscous fingering) to fracturing remains poorly characterized at the pore scale. Recent
modeling results suggest that the mode of gas invasion in a porous medium shifts from capillary
invasion to fracture opening as the grain size decreases [Jain and Juanes, 2009], in agreement
with observations of gas bubble growth in sediments [Boudreau et al., 2005], and drying in three-
dimensional granular media [Xu et al., 2008].

In this paper, we investigate the crossover from fingering to fracturing patterns in deformable,
disordered media, by means of a pore-scale model of the displacement of one fluid by another. Our
pore-scale model captures the dynamics of pressure redistribution at the invading front, allowing
us to characterize the effect of the initial disorder in hydraulic properties on the transition from
capillary to viscous fingering. The model incorporates the two-way coupling between fluid dis-
placement and mechanical deformation, providing the mechanisms for pore opening in response
to pressure loading (direct coupling), and alteration of the flow properties by particle rearrange-
ments (reverse coupling). Despite its simplicity, the model predicts the emergence of fracture
opening as a dominant feature of the invasion pattern for sufficiently deformable systems.

We develop a 2-D discrete model of a random medium. Since we are interested in elucidating
the general mechanisms of fluid invasion, rather than performing predictions for a particular type of
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Figure 89: (a) Schematic of the model and simulation of drainage. The solid matrix is represented
by a square lattice of dented blocks, connected mechanically by springs. The narrow openings
between particles are the pore throats, which connect the larger openings (pore bodies). (b) An
inviscid, nonwetting fluid is injected at the center of the network, displacing a viscous, wetting
fluid. The pressure “halo” that surrounds the ramified invaded region reflects the finite timescale
required for pressure dissipation in the defending fluid. The color scheme represents the log of
pressure normalized by the invading fluid pressure. In all our simulations, we use networks of
400× 400 pores (L = 400a), and set a = 0.1 µm, µ = 10−3 Pa · s, γ = 0.07 N m−1, and ε0 = 0.05.
Here, Ca = 9× 10−4 and λ = 0.3.
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medium, we assume a simple square-lattice arrangement of dented blocks [Fig. 89(a)]. Variation in
particle shapes leads to disorder in throat apertures, which is assumed to be uncorrelated in space.
Mechanical interaction among the particles is represented through a block-and-spring model. The
springs are assumed to be uniformly pre-stressed under compression. Such confinement prevents
large microstructural rearrangements.

We construct two interacting networks: a solid network and a fluid network, whose nodes are
the solid particles and the pore bodies, respectively. We solve for particle displacements and fluid
pressures at the pore bodies. The characteristic length scale is the pore size a, which here we
take as half the distance between nodes in the lattice. We model pore-scale disorder by assigning
different initial area A and permeability k to the throats between pore bodies. Both the throat
area and permeability scale with the square of the throat aperture r, that is, A ∼ r2, k ∼ r2.
We characterize the disorder in throat aperture by drawing values from a uniform distribution,
r ∈ [1 − λ, 1 + λ]r̄, where r̄ ∼ a. The coefficient λ ∈ (0, 1) is a measure of the degree of
disorder [Chen and Wilkinson, 1985].

We simulate the invasion of an inviscid, nonwetting fluid into a medium initially saturated with
a wetting fluid of dynamic viscosity µ. The inviscid fluid pressure is spatially uniform. A fluid-fluid
interface will advance from one pore to another if the capillary pressure (the difference between
nonwetting and wetting phase pressures) exceeds the capillary entry pressure 2γ/r, where γ is the
interfacial tension between the fluids and r is the aperture of the connecting throat [de Gennes,
1985]. If both fluids are inviscid, pressure variations in response to interface movement dissi-
pate instantaneously; then, the process is described by the classical invasion–percolation algo-
rithm [Wilkinson and Willemsen, 1983], and depends exclusively on the quenched disorder.

Consideration of fluid viscosity introduces spatial non-locality due to redistribution of the de-
fending fluid along the invasion front. Slow drainage in disordered media occurs in the form of
bursts, which lead to sudden changes in the defending fluid pressure (“Haines jumps” [Haines,
1930]). When one or more pores are drained during a burst, the interface menisci at neighbor-
ing pores readjust, receding along throats or even leading to a backfilling of previously drained
pores [Xu et al., 2008]. The short timescales associated with pressure buildup in the defending
fluid relative to that of drainage out of the system makes fluid redistribution along the front a
crucial mechanism [Måløy et al., 1992; Furuberg et al., 1996; Xu et al., 2008]. This mechanism re-
duces the capillary pressure (the local curvature decreases as the meniscus recedes) and suppresses
further invasion until the excess pressure in the defending fluid is dissipated, thus limiting the burst
size.

Incorporating meniscus readjustments in a dynamic pore-network model [Aker et al., 1998;
Lam, 2004] is computationally intensive. Here, we introduce the main effect of front interface
dynamics: an effective compressibility of the system, even though the defending fluid is nearly
incompressible.

The effective compressibility ct can be obtained by the following argument. The capillary num-
ber is a ratio of viscous forces over capillary forces at the pore scale, Ca = ∆pvisc/∆pcap. Assuming
Poiseuille flow, the viscous pressure drop over a pore length is ∆pvisc ∼ µva/k, with k ∼ a2, and
v the average flow velocity evaluated from the cumulative values of the drained volume, time,
and cross-sectional area along the boundaries [Furuberg et al., 1996]. Together with the Young–
Laplace equation, ∆pcap ∼ γ/a, this leads to the classical definition Ca = µv/γ. An alternative
definition is the ratio of time scales for pressure dissipation and pore filling [Furuberg et al., 1996],
Ca∗ = ∆tpress/∆tfill. Unlike [Furuberg et al., 1996], here we invoke pore-scale quantities only.
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The time scale for pressure dissipation is ∆tpress ∼ a2/D, where D = (k/µ)/ct is the hydraulic
diffusivity. The pore filling time scale is simply ∆tfill ∼ a/v, leading to Ca∗ = (µv/γ)(ctγ/a).
Equating the two definitions of the capillary number provides the effective compressibility of slow
drainage in a disordered medium:

ct =
a

γ
. (45)

In our simulations, the nonwetting fluid is injected at the center of the lattice at an approxi-
mately constant volumetric injection rate. Since the invading fluid is inviscid, we focus on the pres-
sure evolution in the defending fluid. From mass conservation at a pore body, we write the equation
of pressure evolution at an undrained pore, p(t + ∆t) = p(t) +

∑
j qj∆t/(ctV ), where ∆t is the

time step, V is the pore volume, and the summation is over all neighboring pores. The volumetric
flow rate between the pore and its neighbor j is given by Darcy’s law qj = (Ak/µ)(pj − p)/`j ,
where `j is the length over which the pressure drop pj − p is applied. For flow between two
undrained pores, ` = 2a. If pore j is drained, the meniscus between the two pores starts advanc-
ing if pj − p > 2γ/r. The consequent pressure variations in the undrained pore are governed by
the ability of the medium to dissipate pressure through the effective compressibility. The length
over which viscous pressure drop takes place decreases as the meniscus advances, according to the
expression `j(t+ ∆t) = `j(t)− (qj/A)∆t.

A typical invasion pattern from our model for conditions near the transition between capillary
fingering and viscous fingering is shown in Fig. 89(b). The simulation clearly shows the presence
of a pressure “halo” surrounding the invaded region, as a result of the non-negligible time required
to dissipate pressure in the viscous defending fluid.

We are interested in the effect of heterogeneity on the flow pattern. The advancement of the
interface is determined by the competition among different pores along the front, which depends
on the distribution of throat apertures and pore pressures. We expect the transition from capillary
to viscous fingering to occur when the characteristic macroscopic viscous pressure drop “perpen-
dicular” to the interface, δp⊥, exceeds the variation in capillary entry pressures along the front,
δp‖. We express δp⊥ ∼ ∇p⊥L, where L is the macroscopic length scale, and use Darcy’s law,
∇p⊥ ∼ µv/k, to obtain δp⊥ ∼ µvL/a2. We use a fixed value of the macroscopic length scale with
L� a for the viscous pressure drop in the defending phase, an assumption that is justified during
the initial stages of the invasion but that becomes questionable at later stages, when the invasion
front approaches the system’s boundaries and becomes fractal [Lenormand, 1989]. The maximum
capillary pressure difference along the front is δp‖ = γ/rmin−γ/rmax ∼ [λ/(1−λ2)]γ/a. Equating
δp⊥ ∼ δp‖, and using the definition of the capillary number, Ca = µv/γ, we predict a transition
from viscous fingering to capillary fingering with the scaling Ca ∼ [λ/(1− λ2)]a/L.

We synthesize our results on a phase diagram in Ca–λ space (Fig. 90). The invasion patterns are
classified by visual appearance, as well as by the fractal dimension Df (see Appendix). The value
of Df by itself is insufficient to provide unequivocal classificiation due to expected fluctuations
for finite samples. The simulations confirm our predictions on the transition from capillary to
viscous fingering. For Ca/λ � a/L the effect of heterogeneity is negligible relative to that of
Laplacian-driven growth [Niemeyer et al., 1984], allowing the most advanced fingers to continue
propagating. This results in long and thin fingers typical of viscous fingering. For Ca/λ � a/L,
the heterogeneity in throat apertures dominates, leading to invasion that propagates at alternating
locations. As a result, different parts of the front will coalesce and trap some of the defending fluid
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Figure 90: Phase diagram of the invasion pattern as a function of capillary number Ca and the
pore-scale disorder λ, in a rigid solid matrix. The classification is based on visual appearance (see
insets), as well as the mass fractal dimension Df . Box counting [Niemeyer et al., 1984] provides
estimates of Df ≈ 1.82 and Df ≈ 1.64 for capillary fingering (CF) and viscous fingering (VF),
respectively, with standard deviation σDf

= 0.08 (see Appendix). The transition from capillary to
viscous fingering (CF/VF) occurs at Ca ≈ [λ/(1− λ2)]a/L (black solid line), reflecting a balance
between viscosity and pore-scale disorder in capillary entry pressures.
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behind, creating the fat clusters with thick fingers characteristic of capillary fingering.
The two regimes are separated by an intermediate regime centered around the theoretical curve

Ca ∼ [λ/(1 − λ2)]a/L. In the limit λ → 1 the capillary disorder blows up. The analysis above
indeed suggests that the capillary fingering regime always dominates in this limit (the crossover
curve diverges in Ca–λ space). In the limit of nearly homogeneous media and high capillary num-
ber (not shown in Fig. 90), the model’s anisotropy becomes dominant and dendritic growth occurs
along the lattice axes, similar to the experimental results in [Chen and Wilkinson, 1985]. Our
analysis suggests the existence of a crossover length scale L× ∼ [λ/(1− λ2)]Ca−1a, at which the
displacement experiences a regime shift from capillary fingering (below L×) to viscous fingering
(above L×). A similar conclusion was drawn from the mass fractal dimension of the pattern in
drainage experiments [Toussaint et al., 2005].

A compliant solid matrix can deform in drainage, which in turn may lead to fracture open-
ing during fluid invasion. Here, we investigate the impact of system deformability on the emer-
gence of invasion patterns. Particle displacements cause changes in the contraction of the springs
over time, h(t). To highlight the effect of disorder in flow properties, we assume the system is
initially pre-stressed homogeneously, such that all springs are subject to the same compression,
h0, corresponding to a macroscopic strain ε0 = h0/2a. Each particle is subject to two types of
forces: pressure forces and contact forces. The force exerted on a particle by the fluid occupying
an adjacent pore body is oriented at 45◦ and is of magnitude fp = pAp, where Ap ∼ a2 repre-
sents the area upon which the pressure acts. The interparticle contact forces fc are updated by
fc(t + ∆t) = fc(t) + K∆h, where K is the spring stiffness and ∆h = h(t + ∆t) − h(t) is the
change in spring contraction. Particle positions are determined at the new time step by imposing
force balance at every block,

∑
(~fp + ~fc) = ~0, which leads to a linear system of equations to

be solved for ∆h of every spring. Particle displacements impact fluid flow because they modify
the throat apertures. We evaluate changes in throat apertures and in interparticle forces from the
particle displacements in analogy with cubic packing of particles with frictionless, Hertzian con-
tacts, such that ∆r = −∆h(1− ε)/[2

√
1 + (1− ε)2], where ε = h(t)/2a, and the spring stiffness

K = 2E∗
√
R∗h, where R∗ = a/2, and E∗ is the constrained Young modulus of the particle ma-

terial [Johnson, 1987]. We simulate material behavior that cannot sustain tension and, therefore, a
spring is removed when there is net elongation between blocks (h ≤ 0). A small cohesive force
is applied as a regularization parameter. This force is orders of magnitude smaller than the typical
pressure force, and we have confirmed that the results are insensitive to the value of this cohesive
force, as long as it is small.

Our model predicts fracturing patterns that are strikingly similar to those observed in 2-D ex-
periments, with thin, long features which are straight over a length larger than a pore size [Cheva-
lier et al., 2009], and fractal dimension lower than in fingering, Df ≈ 1.43 (see Appendix). The
straight segments of the invasion pattern form as a result of localized rearrangements: increasing
throat aperture by displacing particles in a direction perpendicular to that of the finger advance-
ment promotes finger growth in that direction. This mechanism is arrested when the front reaches
a bottleneck, associated with either initial disorder or compaction ahead of another propagating
fracture.

Emergence of a fracturing pattern requires sufficiently large change in throat apertures. Particle
rearrangements depend on the balance between the forces applied by the fluids and the interparticle
forces holding the particles in place. We define a dimensionless “fracturing number”Nf as the ratio
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Figure 91: Phase diagram of drainage in deformable, disordered media, showing three distinct
invasion patterns: viscous fingering (VF), capillary fingering (CF), and fracturing (FR). The gray
dashed lines denote transitions among the different regimes. Intermediate regimes are marked by
CF/VF, FR/VF and FR/CF. The deformability of the system is characterized by the “fracturing
number” Nf: drainage is dominated by fracturing in systems with Nf � 1. At lower Nf values, a
transition between capillary and viscous fingering occurs around Ca(L/a)/[λ/(1− λ2)] ≈ 1.

of the typical pressure force increment after drainage of a pore, ∆fp ∼ γa, and the force increment
resulting from deformation, ∆fc ∼ λE∗a2ε

1/2
0 . The latter is obtained from the condition ∆h ∼ ∆r,

where the required change in throat aperture is ∆r ∼ λr̄ ∼ λa, and using the initial overlap h0 to
compute the interparticle stiffness K. With that,

Nf =
γ

λaE∗ε1/20

. (46)

An alternative expression for Nf is obtained by substituting the initial confining stress σ0 ∼ E∗ε3/20

into Eq. (46).
We synthesize drainage behavior in a deformable medium in a phase diagram with two dimen-

sionless groups, the fracturing numberNf and a modified capillary number Ca(L/a)/[λ/(1−λ2)]—
see Fig. 91. For a rigid medium (Nf � 1), the transition from capillary to viscous fingering occurs
at Ca(L/a)/[λ/(1 − λ2)] ≈ 1. Fracturing is evident when Nf � 1. A crossover from fingering
to fracturing occurs at Nf ≈ 1. Equation (46) implies that fractures tend to open in fine-particle
media, suggesting that below a critical particle size—which decreases with the particle stiffness
and the external confinement—invasion is dominated by fracturing. This is consistent with ob-
servations of gas bubble growth in sediments [Boudreau et al., 2005; Jain and Juanes, 2009] and
drying in porous media [Xu et al., 2008].

In conclusion, this study explains the crossover among the different fluid displacement patterns
of drainage in a deformable medium. The invasion behavior depends on two dimensionless groups.
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One is related to the influence of pore-scale disorder on the balance between viscous forces and
capillary forces. The other measures the deformability of the medium as a function of capillary
effects, material properties and initial confinement. Despite its simplicity, our model predicts
the transition from capillary fingering to viscous fingering in rigid media, and a crossover from
fingering to fracturing in deformable media, suggesting that it captures the essential aspects of the
interplay between multiphase fluid flow and mechanical deformation.

Appendix
In this appendix we demonstrate the ability of our pore-scale model to capture the transition among
the different invasion regimes—viscous fingering (VF), capillary fingering (CF) and fracturing
(FR). Our classification of the displacement pattern is based on visual appearance, as well as the
fractal dimension Df (using box counting [Niemeyer et al., 1984]). Visual appearance is an es-
sential consideration in the classification because the estimation of the fractal dimension from the
mass vs. distance curves is subject to large fluctuations for finite-size systems [Måløy et al., 1985;
Blunt and King, 1990; Løvoll et al., 2004; Praud and Swinney, 2005].

First, we illustrate the transition between VF and CF. For a given value of the disorder param-
eter, λ = 0.1, we investigate the displacement pattern for a range of capillary numbers. For each
value of Ca, we show the displacement pattern, and the curve of mass vs. distance from which the
fractal dimension is obtained (Fig. 92). It is evident that the model predicts a transition from VF
(high Ca) to CF (low Ca). Moreover, the values of the fractal dimension are in excellent agreement
with experimentally-determined values of 1.60–1.65 for VF in a porous Hele-Shaw cell [Måløy
et al., 1985; Løvoll et al., 2004] to the well known value of 1.82 for invasion–percolation corre-
sponding to CF.

Next, we show the transition between VF and FR, by studying displacements with a similar
value of the modified capillary number, Ca∗ = Ca(L/a)/[λ/(1− λ2)] ≈ 10 and a range of values
of the key dimensionless group, the fracturing number Nf. The fracturing pattern is characterized
by fingers with straight segments and a lower fractal dimension (Fig. 93).
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Figure 92: Fractal dimension and displacement pattern for rigid medium, with a value of λ =
0.1, showing a transition from viscous fingering to capillary fingering as the capillary number is
reduced.
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Figure 93: Fractal dimension and displacement pattern for deformable medium, with a value of
Ca∗ ≈ 10, showing a transition from fracturing to fingering as the fracturing number is reduced.
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Thermodynamic and hydrodynamic constraints on overpressure
caused by hydrate dissociation: A porescale model

Introduction
Methane hydrate is a solid compound that forms by crystallization of water and methane upon
cooling and/or pressurization. Accumulations of methane hydrate in hydrate-bearing sediments
(HBS) have gained much attention for their potential as an energy resource [Boswell, 2009] and
their role as a greenhouse gas in future global warming [Archer et al., 2009]. Heating or de-
pressurization cause hydrate to dissociate into free gas and water. Dissociation of hydrate within
the pore space of sediments has often been invoked as a mechanism that may lead to signifi-
cant overpressures (up to tens of MPa), in view of the multiple-fold volume increase that occurs
upon dissociation [Xu and Germanovich, 2006; Kwon et al., 2006; Rutqvist and Moridis, 2009].
Overpressure induced by dissociation has been suggested as a trigger for sediment failure, includ-
ing submarine landslides [Sultan et al., 2004; Mienert et al., 2005; Xu and Germanovich, 2006],
soft-sediment deformation [Kennett and Fackler-Adams, 2000], pingo-like features [Paull et al.,
2007], mud volcanoes [Van Rensbergen et al., 2002] and wellbore damage [Rutqvist and Moridis,
2009]. Warming of ocean waters and consequent dissociation of extensive HBS layers, leading
to sediment failure and massive release of methane gas, has been proposed as the cause of the
Paleocene-Eocene Thermal Maximum [Dickens et al., 1995], and as a potential key player in the
current carbon cycle [Dickens, 2003; Westbrook et al., 2009].

The possible implications of dissociation raise the need for understanding the relevant mech-
anisms, in particular the interplay between dissociation and pressure evolution. Existing models
predict large overpressures in fine-grained sediments, where the low permeability would prevent
rapid pressure dissipation [Xu and Germanovich, 2006; Kwon et al., 2006; Rutqvist and Moridis,
2009; Kwon et al., 2010]. Xu and Germanovich [2006] evaluate overpressures as high as 50 MPa
for undrained (no-flow) conditions and 7 MPa for low permeability sediment, assuming a con-
stant dissociation rate which is independent of the pore pressure. The end-member scenario of no
flow and restricted volumetric expansion was investigated by Kwon et al. [2006], who correctly
point out that since rising pressure stalls further dissociation, additional heat is required to con-
tinue the dissociation process. This self-preservation mechanism leads to pressure-temperature
(p-T) conditions which follow the three-phase (hydrate-gas-brine) equilibrium curve during dis-
sociation. Therefore, a large overpressure (hereafter defined as the gas pressure above the initial
water pressure p0 prior to dissociation) implies a large temperature increase; for example, an in-
crease of ∼9 MPa is accompanied by a temperature rise of over 9◦C. A pressure increase of tens
of MPa requires heating by tens of degrees. Simulating long-term thermal stimulation by a hot
wellbore (90◦C), Rutqvist and Moridis [2009] predict overpressures of ∼15 MPa in nearby sed-
iments. Smaller pressures (less than 3 MPa) were predicted by Kwon et al. [2010] in simulating
dissociation due to a wellbore (∼20◦C warmer than its surrounding) in a low-permeability clay.
While the authors honor self-preservation by constraining the pressure by the equilibrium pressure,
they do not account for dissociation kinetics, and assume that hydrate saturation is sufficiently low
to neglect gas flow. However, we will show that gas flow and percolation can occur at hydrate
saturations as low as 5%, in agreement with Tsimpanogiannis and Lichtner [2006].

A crucial mechanism which is missing from the models cited above is the coupling among
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dissociation kinetics, flow of gas and water, and sediment deformation, including the formation of
preferential flow paths and fractures. Consideration of this mechanism requires description of the
pore-scale physics. Tsimpanogiannis and Lichtner [2006] investigated the flow patterns of methane
gas produced by heating an HBS, and showed that larger pore apertures and a broader range of
aperture sizes allow larger gas quantities to percolate through a sample, hence increasing the gas
productivity. The authors used a pore-network model based on invasion percolation, assuming
instantaneous dissociation and fixed network properties (no geomechanical effects).

In this paper we study the pressure evolution during thermally-induced dissociation. We present
a mechanistic, pore-scale model that couples dissociation kinetics, multiphase flow and sedi-
ment mechanics. We explore the range of behaviors between the two end-members: (a) no-flow
(undrained) conditions; and (b) instantaneous pressure dissipation (fully drained). We model the
physics at the pore scale and thus perform all computations at the pore level. The collective dynam-
ics give rise to global effects such as pressurization of the entire sample and gas-invasion patterns.
While upscaling the results from our simulations with millimeter-size samples to the reservoir scale
is not straightforward, our model elucidates fundamental mechanisms that control the sediment be-
havior at the pore scale. We demonstrate that rapid pressure buildup is not possible because of the
negative feedback between dissociation rate and fluid pressure. The strict upper bound for the gas
pressure is its thermodynamic limit: the equilibrium pressure. However, for typical values of the
kinetic rates and medium permeability, our results show that pressure build-up by dissociation is
slow compared with pressure dissipation by drainage. As a result, overpressures are controlled by
the value of the gas pressure required to invade into the porous medium, and are typically much
lower than the equilibrium pressure.

Model Formulation
We simulate a low-permeability sample saturated with water and dispersed hydrate crystals, sub-
jected to a sudden temperature increase which brings hydrate out of thermodynamic equilibrium.
The small inhibiting effect of the latent heat on the dissociation rate allows us to consider isother-
mal dissociation under fixed, uniform temperature and exclude heat transfer effects. We evaluate
the temporal and spatial evolution of the mass, volume and pressure of hydrate, water and gas, and
their impact on the sediment’s mechanical and flow properties. At each time step we compute:
(1) the dissociated hydrate mass for every crystal, given the surrounding fluid pressures; (2) pore
pressure variations caused by the conversion of hydrate into water and gas; (3) flow of gas and
water induced by the rising pore pressure; and (4) changes in hydraulic properties by deformation
of the solid matrix (microstructural rearrangements).

We emphasize in our model the role of multiphase flow by assuming that the driving force for
the flow is the generation of pressurized gas by hydrate dissociation. Once gas pressure overcomes
the local capillary thresholds, gas expands by invading into nearby water-filled pores. We evaluate
the pressure of gas clusters as they expand and coalesce and the local increase in water pressure
due to fluid redistribution along the gas-water interface [Måløy et al., 1992; Xu et al., 2008].

We capture the interplay between pore pressure and dissociation by computing the decomposi-
tion rate of each hydrate crystal using a kinetic model. The hydrate mass dissociated during each
time step ∆t, ∆mh = (dmh/dt)∆t, is determined according to a driving force which is propor-
tional to the difference between the phase equilibrium fugacity feq and the methane fugacity at the
hydrate crystal surface f [Kim et al., 1987],
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dmh

dt
= −Khexp

(−E
RT

)
FAAh (feq − f) . (47)

where Kh is the hydration reaction constant, E is the hydration activation energy, Ah is the surface
area for the reaction, and R = 8.314 J mol−1 K−1 is the universal gas constant. Negative ∆mh

implies decreasing mass. The area Ah is computed from the hydrate crystal volume (which is
updated in time as it shrinks), assuming spherical crystal with area adjustment factor of FA = 1.
We evaluate feq and f from the equilibrium pressure peq (for a given temperature T ) and the
pressure of gas surrounding the dissociating crystal, pg. The reverse process, hydrate reformation,
can occur locally upon reversal of the driving force (peq > pg) [Waite et al., 2008]; this process is
excluded from our current model.

The gas pressure in each gas cluster, pg, is evaluated through the ideal-gas equation of state
(EOS), where we compute the cluster volume Vg from mass balance. Each mole of dissociated
hydrate (with volume of ∆Vh = Mh/ρh) is converted to Nh moles of water, which occupies a
volume of ∆Vw = NhMw/ρw. Here, ρh = 900 kg/m3, Mh = 0.119 kg/mol, ρw = 1000 kg/m3 and
Mw = 0.018 kg/mol are the density and molar mass of methane hydrate and water, respectively,
and Nh = 5.75 is the hydration number [Sloan and Koh, 2008]. To obtain the cluster volume Vg
we note that ∆Vw/∆Vh ≈ 0.8, hence the remainder 20% of the dissociated hydrate volume ∆Vh
is replaced with gas. For simplicity, we use here the ideal gas law, pgVg = ngRT , where ng
is the number of gas moles in the cluster. We have confirmed that the use of a more accurate
EOS does not alter our results substantially; for example, the difference between overpressures
evaluated with the ideal gas law and with the EOS in Duan et al. [1992] in several representative
simulations is ∼0.1%. The number of gas moles ng is computed from the number of dissociated
hydrate moles, ∆nh = ∆mh/Mh. Given the low solubility of methane in water [Sloan and Koh,
2008], we consider only two methane phases, hydrate and gas, neglecting the small quantities that
dissolve in water.

Our model incorporates the two-way coupling between fluid displacement and mechanical de-
formation: pore opening in response to pressure loading (direct coupling), and alteration of the
flow properties by grain rearrangements (reverse coupling) [Holtzman and Juanes, 2010]. A de-
formable porous material is represented by a 2-D square lattice of dented blocks (grains), connected
mechanically by nonlinear springs [Fig. 94(a)]. The voids between the blocks define a pore net-
work: the narrow openings at the contacts are the pore throats, which connect the larger openings
(pore bodies). Variation in block shapes leads to variability in throat apertures, which is assumed
to be uncorrelated in space. This provides two interacting networks, solid and fluid, whose nodes
are the grain centers and the pore bodies, respectively. We solve for displacement of the grains and
fluid pressures at the pore bodies.

Pore-scale disorder in hydraulic properties is represented by assigning a distribution of initial
area A and permeability k to the pore throats. Both parameters scale with the square of the throat
aperture r, that is, A ∼ r2, k ∼ r2 (assuming Stokes flow in cylindrical tubes provides A = πr2,
k = r2/8). We characterize the disorder in the hydraulic properties through a scalar parameter,
λ ∈ (0, 1), drawing values from a uniform distribution, r ∈ [1 − λ, 1 + λ]r̄, where r̄ ∼ a. The
characteristic length scale is the pore size a, which here we take as half the distance between
nodes in the lattice [Fig. 94(a)]. Partially-drained conditions are simulated through a decrease
in permeability and throat area at the boundary (each by 3 orders of magnitude, equivalent to a
reduction in throat aperture by a factor of 103/2) relative to the sample’s interior. We enforce a
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Figure 94: (a) Schematic of the pore-scale model. The solid matrix is represented by a square
lattice of dented blocks (grains), connected mechanically by springs. The narrow openings between
the grains are the pore throats, which connect the larger openings (pore bodies). Some pores are
filled with hydrate crystals (brown), which decompose into water (white) and free gas (dark gray).
(b) Pore pressure during simulation of dissociation. The grayscale intensity represents the pressure
scaled to increase contrast: white corresponds to the ambient pressure p0, black to high pressures
in gas filled pores. The location of clusters of 3×3 pores originally occupied by hydrate crystals is
marked in brown. The pressure halo that develops ahead of newly invaded pores reflects the finite
timescale required for pressure dissipation. We use a network of 200×200 pores with λ = 0.2,
ε0 = 0.01, a = 1µm, µ = 10−3 Pa s and γ = 0.07 N/m. A system in equilibrium at T0 = 0.5◦C
and p0 = 2.58 MPa is subjected to ∆T = 10◦C.

constant hydrostatic pressure p0 at the boundary pores.
In simulating flow we assume that gas is inviscid, such that its pressure adjusts instantaneously

and is uniform within each cluster. The water pressure in a water-filled pore is updated from
mass conservation at a pore body: pw(t + ∆t) = pw(t) +

∑
j q

j∆t/(ctV ), where V is the pore
volume, ct is an effective compressibility of the system (see below), and the summation is over
all neighboring pores. The volumetric flow rate between the pore and its neighbor j is given by
Darcy’s law qj = (Ak/µ)(pj − pw)/`j , where µ is the water dynamic viscosity and `j is the length
over which the pressure drop pj − pw occurs. For flow between two water-filled pores, `j = 2a.
If pore j is gas-filled, the meniscus between the two pores starts advancing once the capillary
pressure exceeds the capillary entry pressure, pj − pw > 2γ/r, where γ is the gas-water interfacial
tension. As the meniscus advances, the length is updated by `j(t+ ∆t) = `j(t)− (qj/A)∆t.

The gas generated by hydrate dissociation invades the porous medium, displacing water. Slow
drainage in disordered media occurs in the form of bursts (“Haines jumps” [Haines, 1930]), which
lead to sudden changes in water pressure. When one or more pores are invaded during a burst,
the interface menisci at neighboring pores readjust, receding along throats or even leading to a
backfilling of previously invaded pores [Måløy et al., 1992; Xu et al., 2008]. This phenomenon
suppresses further invasion until the excess water pressure is dissipated, thus limiting the burst size.
The aggregate behavior resulting from this phenomenon is an effective system compressibility,
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ct = a/γ [Holtzman and Juanes, 2010]. The finite time required for pressure dissipation leads to
the development of a pressure halo around the expanding gas clusters [Fig. 89(b)].

Changes in pore pressure cause grain rearrangements, which are represented in our model
through contraction of the springs over time, h(t). We highlight the effect of disorder in flow
properties by using uniform spring stiffness K and enforcing an initially uniform contraction of
all spring, h0, corresponding to a macroscopic strain ε0 = h0/2a. This guarantees an initially
uniform pre-stressed state, which becomes spatially-variable upon hydrate dissociation. The con-
finement ε0 is sufficiently large to prevent granular flow. Each grain is subject to two types of
forces: pressure and contact forces. The force exerted by the fluid occupying an adjacent pore
body is oriented at 45◦ relative to the lattice axes and is of magnitude fp = pAp, where Ap ∼ a2

is the area upon which the pressure p acts. The intergranular contact forces fc are updated by
fc(t + ∆t) = fc(t) + K∆h, where ∆h = h(t + ∆t) − h(t) is the change in spring contraction.
Grain positions are determined at the new time step by imposing force balance at every grain,∑

(~fp + ~fc) = ~0, which leads to a linear system of equations in ∆h. Grain displacements impact
fluid flow by modifying the throat apertures. We evaluate changes in apertures and in intergranular
forces from the grain displacements in analogy with cubic packing of spherical grains with fric-
tionless, Hertzian contacts, such that ∆r = −∆h(1 − ε)/[2

√
1 + (1− ε)2], where ε = h(t)/2a

[Jain and Juanes, 2009], and K = 2E∗
√
R∗h, where R∗ = a/2, and E∗ is the constrained Young

modulus of the grain material [Johnson, 1987; Holtzman and Juanes, 2010]. We model an un-
consolidated sediment with negligible tensile strength. Therefore, a spring is removed when there
is net elongation between blocks (h < 0). A small cohesive force is applied as a regularization
parameter.

Results
Our simulations demonstrate that the pressure always remains below the equilibrium value, peq(T ).
Self-preservation, where increasing gas pressure diminishes the driving force for further dissoci-
ation [Eq. (47)], is evident from the decreasing rate of pressure buildup by dissociation between
gas invasion (pore filling) events. Furthermore, comparison of the gas and water pressure evolution
indicates that the timescale for pressure buildup by dissociation, td, is much larger than that of pres-
sure dissipation following gas invasion of one or more pores and water flow ahead of the moving
meniscus, tp (Fig. 95). The contrast in timescales can be deduced by scaling: tp ∼ L2

p/D, where
D = (k/µ)/ct is the hydraulic diffusivity, and Lp is the characteristic distance over which pressure
dissipation takes place. With k ∼ a2 and ct ∼ a/γ we obtain tp ∼ µL2

p/(γa). The dissociation
timescale can be obtained from Eq. (47), by using the EOS to relate the change in the number of
gas moles (−∆mh/Mh) to the change in gas pressure, ∆pg, and assuming that the latter scales
as the fugacity driving force, ∆pg ∼ feq − f . This provides td ∼ Mha/[RTKhexp(−E/RT )].
Using published values of E = 8.1× 104 J mol−1 and Kh = 3.6× 104 kg m−2 Pa−1 s−1 [Clark and
Bishnoi, 2001] suggests that tp is smaller than td by 4 to 8 orders of magnitude, depending on the
value of Lp; Lp ∼ a provides an upper bound of 108, whereas the contrast becomes smaller as Lp

approaches the system size. Since Lp reflects the spacing between gas clusters, the timescale ratio
will be between the two values.

The rapid dissipation of pressure by drainage relative to its buildup by dissociation implies that
the pressure evolution is governed by capillary effects: once the gas pressure exceeds the sum of the
water pressure pw and entry pressure pec in an adjacent water-filled pore, gas expands by invasion
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Figure 95: Pressure evolution during thermally-induced hydrate dissociation. The pressures pg and
pw shown in the plot are measured in a specific gas cluster and in an adjacent pore, respectively. The
effect of expansion and coalescence of different gas clusters is captured by the mean gas pressure,
p̄g =

∑
j(p

jV j)/
∑

j V
j (summation over all gas-filled pores). The concave shape of both the

gas pressure pg and the (normalized) number of moles within a cluster ng demonstrates the self-
preservation mechanism: reduction in dissociation rate as pg increases. The sharp drop in pg marks
gas expansion during an invasion event: once pg exceeds the sum of the capillary entry pressure pec
and the water pressure in an adjacent water-filled pore pw, gas invades that pore. The timescale
for pressure buildup by dissociation, td ∼1 s, is 5 orders of magnitude larger than that of pressure
dissipation following an invasion event, tp ∼10−5 s [between the peak and the plateau in inset (a)].
During the entire simulation [inset (b)], the gas pressure is constrained by both thermodynamics
(pg < peq) and hydrodynamics (pg < pec + pw). We use a network of 100×100 pores and λ = 0.1.
Here, we simulated a relative low temperature increase, ∆T = 1.5◦C, to emphasize the effect of
self-preservation.
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and its pressure drops. For the scale of interest here, we can understand gas invasion driven by
hydrate dissociation as a quasi-static process, where the water pressure relaxes quickly to a value
close to p0 (Fig. 95). Thus, gas overpressure is controlled by the capillary entry thresholds for gas
invasion.

To demonstrate the role of capillarity we compare the maximum pressure that develops dur-
ing the simulations (until complete dissociation) in systems of different permeability. We vary
the permeability by scaling a given aperture distribution (r0, similar in all samples) by a pore-
to-throat parameter β = r0/r, keeping the pore size a fixed. The resulting gas overpressures
in most simulations are bounded between the minimum and maximum capillary entry pressures,
pec,min = 2γ/[(1 + λ)r̄] and pec,max = 2γ/[(1 − λ)r̄], with values closer to pec,max as the perme-
ability increases and to pec,min as it gets smaller (Fig. 96). This behavior is caused by two mecha-
nisms: heterogeneity and matrix deformation. The higher capillary pressures that develop in low-
permeability systems result in smaller number of invaded pores (higher-density gas compressed
into a smaller volume), where the invasion of only the widest throats (lowest pec) implies that a
smaller portion of the aperture distribution is sampled. In addition, higher capillary entry pressures
cause more pore opening through grain rearrangements, creating fractures [Jain and Juanes, 2009;
Holtzman and Juanes, 2010]. Fracturing allows gas invasion at a capillary pressure lower than the
original threshold pec in the undeformed system. Fractures as conduits for gas migration have been
observed in experiments [Boudreau et al., 2005] and inferred in the field [Scandella et al., 2011].
In our model, for a given aperture distribution, the mode of invasion is determined by the grain
stiffness (E∗) and the external confinement (ε): fracturing tends to occur in softer sediments under
lower confinement [Holtzman and Juanes, 2010]. In addition, fracturing is more pronounced in
sediments with lower heterogeneity in hydraulic properties, corresponding to smaller values of λ
(Fig. 97).

Finally, the scaling of the characteristic time for dissociation td suggests that it can become
comparable to that of pressure dissipation tp if the kinetics were much faster, that is, for much
larger reaction constant Kh or characteristic distance Lp values. We investigate this theoretical
limit by simulating dissociation with Kh values up to 104 higher than published values [Clark and
Bishnoi, 2001]. While the resulting overpressures are higher than those of a quasi-static process
controlled by the capillary entry pressures, they always remain well below the thermodynamic
equilibrium value peq.

Conclusions
In conclusion, we have shown that the overpressure from hydrate dissociation in sediments is
governed by the competition between kinetic dissociation rate and pressure dissipation. Due to
self-preservation, the overpressures cannot exceed the phase equilibrium pressure, regardless of
the heat supply and sediment permeability. If the intrinsic kinetic rate was many orders of mag-
nitude faster than its published value, the dissociation rate could be controlled by the ability of
the medium to dissipate the pressure. Our results suggest, however, that the timescale for pres-
sure buildup by dissociation is much larger than that of pressure dissipation by drainage, even for
low-permeability sediments. We can thus view gas invasion driven by dissociation as a quasi-static
process, where the water pressure relaxes quickly and the gas pressure is limited by the character-
istic capillary thresholds. Hence, the pressure evolution is dominated by hydrodynamics, where
the maximum pressure depends on the mode of gas invasion. In systems with large pore apertures,
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Figure 96: Mean overpressure pex = p̄g − p0 and typical invasion pattern (insets) in systems of
different permeability k ∼ r̄2 (varied by scaling the aperture distribution by β). Because dissi-
pation of pressure by drainage is much faster than its buildup by dissociation, the overpressure is
governed by the capillary entry thresholds. In most simulations, pec,min < pex < pec,max. As the per-
meability becomes smaller, pex approaches the lower bound pec,min, due to the combined effect of
heterogeneity and deformation. In low-permeability systems, the highly-pressurized gas occupies
a smaller volume and hence samples a smaller portion of the aperture distribution, with only the
widest throats (lowest pec) invaded. In addition, the high capillary pressures can lead to fracture
opening, which is the preferred mode of gas invasion in soft, fine-grained sediments (see Fig. 97).
In the coarsest samples (k > 0.02 mD), the overpressures slightly exceed pec,max (by ∼0.1 MPa)
due to a similar increase in water pressure (Fig. 95) which elevates the gas pressure required for
invasion. Such pressure increment is negligible relative to the high gas pressure that develops in
lower-permeability systems. We use networks of 100×100 and 200×200 pores for the main plot
and the insets, respectively, with λ = 0.1 and E∗ = 2 GPa.
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β=1β=10 β=4

Figure 97: Modes of gas invasion following hydrate dissociation in systems of different perme-
ability, showing a transition from capillary fingering for more permeable media (β = 1) to fracture
opening for less permeable media (β = 10). In these simulations, we used parameters reflecting
slightly lower pore-scale heterogeneity (λ = 0.05), slightly softer grains (E∗ = 1.85 GPa) and
more concentrated hydrate distribution at the center of the sample than in Fig. 96. Hydrate disso-
ciation in the low-permeability medium (left, β = 10) leads to the creation and propagation of a
fracture.

gas invades with negligible amount of matrix deformation, and the overpressures are constrained
by the capillary thresholds. The overpressure may be further limited by geomechanical effects,
especially in soft, low-permeability sediments where fracturing is the preferred gas invasion mech-
anism. Gas invasion by way of fracturing is a mechanism that offers a plausible explanation for
massive sediment failure and methane venting by hydrate dissociation.
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Capillary fracturing in granular media
The invasion of one fluid into a porous medium filled with another fluid occurs in many natural and
industrial processes. These processes include gas venting, hydrocarbon recovery, geologic CO2 se-
questration, and soil wetting and drying. Pore-scale disorder, hydrodynamic instabilities, and me-
chanical deformation of the pore geometry result in complex displacement patterns. Understanding
the emergent patterns is both scientifically fascinating and technologically important [Gollub and
Langer, 1999].

Fluid-fluid displacements in rigid porous media have been studied in depth. While many fun-
damental questions remain, a basic understanding of the different displacement regimes, including
compact displacement, capillary fingering, and viscous fingering, has been obtained through labo-
ratory experiments and computer simulations [Lenormand et al., 1988; Wilkinson and Willemsen,
1983; Paterson, 1984; Måløy et al., 1985; Stokes et al., 1986; Chen and Wilkinson, 1985; Yortsos
et al., 1997; Ferer et al., 2004; Toussaint et al., 2005]. These regimes depend on the the flow ve-
locity, the degree of pore-scale disorder, and the interfacial tension and viscosity contrast between
the fluids.

In a deformable medium such as a granular bed, fluid flow can displace the particles and affect
the pore geometry, which in turn can affect the flow. This interplay between the displacements
of the fluids and the particles leads to a variety of patterns, including desiccation cracks [Meakin,
1991], granular fingers [Cheng et al., 2008], labyrinth structures [Sandnes et al., 2007], stick-
slip bubbles [Sandnes et al., 2011], open channels [Kong et al., 2010; Varas et al., 2011] and
fractures [Chevalier et al., 2009; Boudreau et al., 2005; Xu et al., 2008; Shin and Santamarina,
2010; Choi et al., 2011; Sandnes et al., 2011].

While fracturing during gas invasion in liquid-saturated media has been observed in several
experiments [Chevalier et al., 2009; Boudreau et al., 2005; Xu et al., 2008; Shin and Santamarina,
2010; Choi et al., 2011; Sandnes et al., 2011] and simulations [Jain and Juanes, 2009], the un-
derlying mechanisms and controlling parameters behind the morphodynamics of gas invasion in
liquid-filled deformable granular media remain poorly understood. Holtzman and Juanes [Holtz-
man and Juanes, 2010] developed a model that predicts the transitions among capillary fingering,
viscous fingering, and fracturing. The authors used pore-scale simulations and scaling analysis
to show that fracturing caused by elastic deformation of particles is the dominant mode of inva-
sion for fine, soft particles under low confining stress. In this Letter, we study fracturing in a
system of rigid particles. We show that frictional sliding, rather than elastic deformation, is the
key mechanism controlling fracturing. We provide experimental evidence for three displacement
regimes—capillary fingering, viscous fingering, and capillary fracturing—and derive two dimen-
sionless groups that govern the transitions among these regimes [Holtzman et al., 2012].

We inject air into a thin bed of water-saturated glass beads packed in a cylindrical cell. We pre-
pare each granular bed by pouring beads into the cell and then vibrating it to increase the packing
homogeneity (see Appendix). There are three control parameters: the mean particle diameter, d,
the air injection rate, q, and the confining weight, w. The confinement is applied by weights placed
on a rigid disk that rests on top of the beads. To allow fluids (but not the particles) to leave the cell,
the disk is made slightly smaller than the interior of the cell (inner diameter L), leading to a thin
gap along the edge of the cell. We inject the fluids with a syringe pump at a fixed rate to the center
of the cell, and image the invasion pattern during the experiment with a digital camera (Fig. 98).
To analyze the images, we subtract the initial image prior to injection. For most experimental
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Figure 98: Experimental setup: a thin bed (thickness b) of water-saturated glass beads (mean
diameter d) is confined in a cylindrical acrylic cell (internal diameter L). Vertical confinement
is supplied by a weight, w, placed on a disk (“lid”) that rests on top of the beads. The disk is
slightly smaller than the cell to allow fluids (but not particles) to leave the cell. Air is injected into
the center of the cell at a fixed flow rate q. Time-lapse images are captured by a camera placed
underneath the cell.

a. viscous fingering b. capillary fingering c. fracturing

Figure 99: Examples of experimentally-observed patterns. We classify these patterns into three
regimes: viscous fingering, capillary fingering, and fracturing. In these difference images, obtained
by subtracting the initial image prior to air invasion, air shows as clear white, water and beads as
black, and deformed regions as a sparkly halo (bead displacements changes the reflected light).
Experimental conditions: d=360 µm; w=181 N (a, b) and 3 N (c); and q=100 (a), 0.1 (b), and
1 mL/min (c).
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conditions, we perform repeatability experiments.
The experiments exhibit three displacement regimes: viscous fingering, capillary fingering, and

capillary fracturing. We identify the regimes based on the qualitative characteristics of the invasion
pattern, as has been done previously [Paterson, 1984; Chen and Wilkinson, 1985; Lenormand
et al., 1988; Chevalier et al., 2009; Holtzman and Juanes, 2010]. In viscous fingering, the air-
water interface grows continuously and at several locations simultaneously. The resulting pattern
is radial and exhibits thin fingers and few trapped water clusters. The pattern appears more space-
filling than in 2-D experiments (e.g. in a monolayer of beads [Måløy et al., 1985]) because in
3-D water clusters that appear to be trapped actually remain connected vertically across layers
(Fig. 99a). In capillary fingering, the air-water interface propagates intermittently at alternating
locations, leading to a pattern that is non-radial, irregular, and patchy, with multiple trapped water
clusters (Fig. 99b). In capillary fracturing, the air-water interface advances continuously in thin
fingers with long, straight segments. The resulting pattern is asymmetric and occupies a much
smaller portion of the cell compared with capillary fingering and viscous fingering. While capillary
fracturing exhibits a distinct morphology, we identify it exclusively from visual observation of bead
displacements. These displacements appear as “halos” in the subtracted images, caused by changes
to light reflection by bead displacements (Fig. 99c). The three regimes display transition zones, in
which the invasion patterns exhibit mixed characteristics of the end-member patterns.

The mode of displacement depends on the competition between forces. The transition between
capillary fingering and viscous fingering depends on the competition between viscous forces and
capillary forces, whereas the transition between fingering and fracturing depends on the competi-
tion between hydrodynamic forces that promote pore opening, and mechanical forces that resist it.
Since these forces depend on a combination of the control parameters, the same transition between
the regimes can be achieved by changing different parameters: the displacement can transition
from capillary fingering to viscous fingering by increasing the injection rate, q, or reducing the
bead size, d; and from fingering to fracturing by reducing the confining weight, w, or the bead
size, d (Fig. 100). The wide transition zone between capillary and viscous fingering has been ob-
served previously [Lenormand et al., 1988], and is due to gradual changes in the governing forces
with the experimental conditions. The capillary fracturing patterns transition from few, small frac-
tures to many, large fractures as the confinement is reduced, though this trend is not conveyed in
the plots since our identification of fracturing does not account for the frequency or magnitude
of bead displacements. Repetition of experiments with similar conditions yield the same invasion
regime, even if the details of the invasion pattern differ.

We rationalize these transitions by computing the ratio between the driving forces that promote
the development of a particular pattern. For a rigid medium, the transition between capillary
fingering and viscous fingering occurs when the characteristic macroscopic viscous pressure drop
in the direction parallel to flow, δpv, exceeds the variation in capillary entry pressures along the
interface, δpc. We compute δpv as∇pvL, and use Darcy’s law,∇pv ∼ ηv/k with k ∼ d2, to obtain
δpv ∼ ηvL/d2. Here, η is the dynamic viscosity of water, and v ∼ q/(bd) is the flow velocity.
We use a fixed value of the macroscopic length scale with L� d for the viscous pressure drop in
the defending phase, an assumption that is justified during the initial stages of the invasion but that
becomes questionable at later stages, when the invasion front approaches the system’s boundaries
and becomes fractal [Lenormand, 1989]. The maximum difference in capillary pressures along the
interface is δpc = γ/rmin−γ/rmax ∼ γχ(λ)/r̄, where γ is the air-water interfacial tension, r̄ ∼ d is
the mean throat aperture, and χ(λ) describes the distribution of throat apertures, a function of the
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Figure 100: Phase diagrams of fluid-fluid displacement patterns in the experiments. The diagrams
demonstrate how changing the control parameters affects the patterns. Diagram (a) shows that
the transition from viscous fingering (VF) to capillary fingering (CF) occurs at q/b ∼ d2 (fixing
w=181 N). Intermediate patterns are marked as VF/CF. Diagram (b) shows that the transition from
capillary fingering to fracturing (FR) occurs at w ∼ d−1 (q=0.1 mL/min). Diagram (c) shows that
the transition from fingering to fracturing is independent of q/b (d=360 µm).

degree of pore-scale disorder λ ∈ (0, 1) [Holtzman and Juanes, 2010]. For instance, for a uniform
aperture distribution, r ∈ [1− λ, 1 + λ]r̄, we get χ(λ) = λ/(1− λ2).

The transition from viscous to capillary fingering occurs when δpv ∼ δpc, and is therefore
controlled by the following “modified capillary number”, Ca∗ = δpv/δpc:

Ca∗ = Ca
L

d
χ−1(λ) =

ηqL

γbd2
χ−1(λ), (48)

where Ca = ηv/γ is the classical capillary number. For a given pair of fluids, the viscosity and in-
terfacial tension are fixed. Assuming similar disorder across experiments, this scaling suggests that
the phase boundary between viscous fingering and capillary fingering is q/b ∼ d2, in agreement
with our experimental data (Fig. 100a).

In a granular medium, fractures open when forces exerted by the fluids exceed the mechanical
forces that resist particle rearrangements. In cohesionless granular material, these forces include
elastic compression and friction. For systems with densely packed, highly compliant particles, pore
opening occurs by means of particle deformation [Holtzman and Juanes, 2010]. However, for many
types of particles including most mineral grains and manufactured beads, the high particle stiffness
limits interparticle compression, making frictional sliding the dominant deformation mechanism
that alters the pore geometry.

To demonstrate this quantitatively, we compare the two characteristic resisting forces. The in-
crement in elastic compressive force associated with a relative particle displacement (interparticle
deformation) ∆h is ∆fe ∼ K∆h, where K is the interparticle contact stiffness. The stiffness
K ∼ E

√
dh is computed by assuming Hertzian interparticle forces, fe ∼ E

√
dh3/2, where E is

the Young’s modulus of the particle material and h is the total interparticle deformation [Johnson,
1987]. We evaluate K at h = h0, where h0 is the initial (prior to fracturing) interparticle defor-
mation. We obtain h0 from the expression for the initial interparticle force, fe,0 ∼ E

√
dh0

3/2,
which, assuming homogenous force distribution, can also be evaluated from the vertical confine-
ment, fe,0 ∼ w/(L/d)2. Fracturing requires a sufficiently large change in the throat apertures,
λr̄ ∼ λd, implying interparticle displacement of ∆h ∼ λd. The elastic resisting force is therefore
∆fe = λE2/3L−2/3w1/3d2. We compare this force with the frictional resistance force, evaluated

179



from the limiting value at sliding, ∆ff ∼ µfe,0 ∼ µw/(L/d)2, where µ is the coefficient of friction.
The resulting force ratio is then:

∆fe

∆ff
=
λE2/3L4/3

µw2/3
. (49)

For our experimental system, with E=70 GPa, µ = 0.3 [Li et al., 2005], L=0.2 m, λ=0.75 and
w=3–181 N, the elastic resistance is 5–6 orders of magnitude higher than frictional resistance,
suggesting that pore opening occurs by overcoming friction. Elasticity would play an important
role in fracturing only for much softer beads and much larger confining stresses.

We predict the emergence of fracturing through a dimensionless parameter we call the “frac-
turing number”, Nf, that measures the system deformability as the ratio of the pressure forces that
drives fracturing, ∆fp, and the resisting force, ∆ff. The driving force is the product of the local
pressure difference at the front tip, ∆p, and the area over which it acts, Ap ∼ d2. The pressure dif-
ference is the sum of the capillary pressure, γ/d, and the local viscous pressure drop,∇pv ∼ ηv/d.
Thus, ∆fp = γd+ ηvd = γd(1 + Ca), and

Nf =
γL2

µwd
(1 + Ca). (50)

This scaling suggests that, for a given fluid pair, particle material, and system size, the transi-
tion from fingering to fracturing occurs at w ∼ d−1. This is consistent with our observations
(Fig. 100b). While the scaling accounts for the effects of both the capillary pressure and the local
viscous pressure drop, the capillary pressure is the dominant cause of fracturing in our experiments
(with η≈10−3 Pa s, γ≈0.07 N/m, q≤100 mL/min, and therefore Ca� 1). As a result, the observed
transition does not depend on the flow rate (Fig. 100c).

The scaling analyses allow us to collapse our data from a three-parameter dimensional phase
space (q, w, d) into a two-parameter dimensionless space (Ca∗, Nf). For Nf � 1, fracturing is the
dominant mode of invasion. For Nf � 1, the medium is essentially rigid (negligible particle rear-
rangements), and the transition from capillary to viscous fingering occurs at Ca∗ ≈ 1 (Fig. 101).

These results demonstrate and rationalize the crossover among three regimes of drainage in
granular media: capillary fingering, viscous fingering, and capillary fracturing. They show that
the crossover between capillary fingering and viscous fingering can be characterized by a modified
capillary number, Ca∗. Our results demonstrate the emergence of capillary fracturing, in which
capillary forces dilate pore throats by exceeding the internal frictional resistance of the medium.
The scaling of the fracturing number [Eq. (50)] suggests that, in granular systems with rigid solid
particles, capillary fracturing tends to occur when the particle size falls below a critical value,
dc ∼ γL2/µw. This provides a rationale to observations of capillary-induced fracturing in a variety
of natural systems, such as drying in granular media [Meakin, 1991; Xu et al., 2008], gas venting
in lake sediments [Boudreau et al., 2005; Scandella et al., 2011], and hydrate veins in the ocean
floor [Hester and Brewer, 2009]. In all of these settings, the formation of fractures provides open
conduits that allow fast exchange of elements, which are likely critical to the water, carbon and
energy budgets in the biosphere.

Appendix. Experimental procedure
We begin the experiments by pouring a known volume V of glass beads with mean diameter d
into a cylindrical acrylic cell of internal diameter L. To distribute the beads uniformly across the
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Nf values, the type of fingering depends on the modified capillary number, Ca∗.
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cell and homogenize the packing, we vibrate the cell by tapping on it in the horizontal direction in
two rounds: first with no confinement, and then after placing an acrylic disk (the “lid” in Fig. 1,
weighing 0.3 kg) on top of the beads. After tapping, the bed is a few layers thick with approximate
thickness b = V/(πL2/4). To saturate the bed, we place weights (18.5 kg total mass including the
lid) on top of the lid and then inject water at a constant rate into the center of the cell with a syringe
pump. We inject at a sufficiently high rate to avoid trapping of air, but at a sufficiently low rate to
avoid displacing the beads. After the bed is saturated, we load the desired weight w onto the lid
and inject air at a constant rate q. To observe the invasion pattern, we illuminate the bottom of the
cell with reflected light from LED panels and take images with a digital camera.

Creating a mechanically and hydraulically homogeneous packing—with uniform distribution
of interparticle forces and pore apertures—is an extremely difficult task. We evaluate the hydraulic
homogeneity by observing the invasion front of the water during the initial saturation step: a
radially symmetric, circular invasion front indicates that the permeability field is homogeneous in
the cross-radial (θ) direction. We infer that a symmetric, circular front also indicates permeability
homogeneity in the radial direction. We further infer that a bed that is hydraulically homogeneous
is also mechanically homogeneous. We reject experiments for which the invasion pattern during
water injection is not circular.

To investigate the reproducibility of our results, we perform repeatability experiments for most
of the experimental conditions. For a given condition, the invasion patterns in the experiments
differ in the details—since our packing procedure does not create a perfectly homogeneous or
reproducible bed—but always fall in the same regime.
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A conduit dilation model of methane venting from lake sedi-
ments

Introduction
Atmospheric methane (CH4) concentrations have risen steadily over the past two centuries, fol-
lowing an anthropogenically-driven trend that is similar to that for carbon dioxide [IPCC, 2007].
Global warming is in turn affecting natural methane emissions, particularly in the largely land-
covered Northern latitudes where newly-produced methane is often emitted directly to the atmo-
sphere through an intervening (oxidizing) biofilter [Rudd et al., 1974], accessing carbon long se-
questered from the global carbon cycle [Walter et al., 2006; Archer et al., 2009]. Ebullition of
methane from sediments in lakes, the deep ocean, wetlands, and estuaries is a primary means
for emitting methane to the ocean-atmosphere system [Walter et al., 2006; Solomon et al., 2009;
Shakhova et al., 2010; Greinert et al., 2010; Bastviken et al., 2011].

Past studies have made fundamental contributions to understanding the life cycle of methane
in sediments including microbial methane production, bubble growth and migration within sedi-
ments, emission at the sediment-water interface, and bubble rise, dissolution and oxidation in the
water column [Martens and Klump, 1980; Valentine et al., 2001; Judd et al., 2002; Rehder et al.,
2002; Heeschen et al., 2003; Boudreau et al., 2005; Leifer and Boles, 2005; McGinnis et al., 2006;
Greinert et al., 2010]. The importance of methane gas in limnetic environments has also been
long recognized [Fechner-Levy and Hemond, 1996], and evidence is mounting that transport of
methane in the gaseous phase dominates dissolved transport both within lake sediments and once
methane reaches the water column [Crill et al., 1988; Keller and Stallard, 1994; Walter et al., 2006;
Delsontro et al., 2010; Bastviken et al., 2011]. The magnitude of the atmospheric release—the
portion of bubbles not dissolved during rise through the water column—depends on the mode and
spatiotemporal character of venting from sediments [Leifer et al., 2006; Gong et al., 2009], so
models of methane transport in the sediment column must reproduce the spatiotemporal signatures
of free-gas release from the underlying sediments to correctly predict the fraction that by-passes
dissolution and reaches the atmosphere.

Here, we introduce a quantitative model of methane production, migration and release from
fine-grained sediments. We constrain and test the model against a record of variations in hydro-
static load and methane ebullition from fine-grained sediments in Upper Mystic Lake (UML), a
dimictic kettle lake outside Boston, Massachusetts [Varadharajan et al., 2010] (Figure 102a). Our
model is motivated by two key observations: ebullition is triggered by variations in hydrostatic
load [Martens and Klump, 1980; Mattson and Likens, 1990; Fechner-Levy and Hemond, 1996;
Leifer and Boles, 2005; Varadharajan et al., 2010], and gas migration in fine sediments is con-
trolled by the opening of fractures or conduits [Boudreau et al., 2005; Jain and Juanes, 2009; Algar
and Boudreau, 2010; Holtzman and Juanes, 2010]. The high degree of synchronicity in ebulla-
tive fluxes among distant venting sites located at different depths (Figure 102) suggests that the
release mechanism is governed by the effective stress, which is the average stress between solid
grains [Terzaghi, 1943]. We propose that gas bubbles escape by dilating conduits upward to the
sediment surface as falling hydrostatic pressure reduces the compressive effective stress below the
effective tensile strength of the sediments. This model of “breathing” conduits for gas release cou-
ples continuum-scale poromechanics theory with multiphase flow in porous media to capture the
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episodicity and variable rates of ebullition. The ability of the model to match the flux record from
UML, as well as the direct observation of episodic gas venting (Figure 102c), suggests that this
mechanism indeed controls ebullition from lake sediments.

Model Formulation
Methane is generated in anoxic lake sediments by microbial decomposition of organic matter,
and the generation rate depends on organic carbon availability, reduction-oxidation potential, and
temperature. Once the total pressure of all the dissolved gases exceeds the hydrostatic pressure,
any additional gas exsolves into a bubble. Gas bubbles—often mostly comprised of methane—
grow, coalesce, and are transported vertically through the sediment until they are released into the
water column. Gas is buoyant with respect to the surrounding water filling the pore space, but
mobilization of gas bubbles in a rigid, fine-grained porous medium requires connected gas bubbles
of very large vertical dimension [Hunt et al., 1988], Lv ≈ 2γ

(ρw−ρg)grt
, where γ is the interfacial

tension, ρw and ρg are the water and gas densities, respectively, g is the gravitational acceleration,
and rt is the pore throat radius, which is of the order of one-tenth of the particle radius. For
a typical value of γ ∼ 0.070 N/m, and a conservative value of the particle diameter at UML,
dg ∼ 10 µm, we estimate that a connected bubble heightLv ∼ 30 m would be required to overcome
capillary effects. This is three orders of magnitude larger than observed bubble sizes [Martens and
Klump, 1980; Sills et al., 1991; Boudreau et al., 2005], clearly indicating that capillary invasion in
a rigid medium cannot explain methane venting, and that methane release must involve sediment
deformation. A drop in hydrostatic load on the sediments lowers the compressive sediment stress
and provides an opportunity for buoyant bubbles to overcome their confinement and expand by
deforming the sediments. However, theoretical analysis shows that spherical bubbles of realistic
size would be mobilized in sediments with reasonable shear strength only under unrealistically
large vertical stress variations on the order 10 m of water head [Wheeler, 1990]. The ebullition
record from UML [Varadharajan et al., 2010], however, shows gas venting in response to head
drops of less than 0.5 m (5 kPa, Figure 102b), which implies that some other mechanism must
mobilize bubbles for vertical transport.

The observation that bubbles in clayey sediments grow in a highly-eccentric, cornflake-shaped
fracture pattern [Boudreau et al., 2005; Algar and Boudreau, 2010], rather than as spherical bub-
bles, suggests that this mode of growth may also allow for vertical mobility. The relevance of this
transport mechanism in fine-grained sediments is supported by micromechanical models of gas
invasion in water-filled porous media [Jain and Juanes, 2009; Holtzman and Juanes, 2010]. Fol-
lowing these observations, we hypothesize that the dilation of near-vertical conduits is the primary
mechanism controlling free-gas flow and release from lake sediments. Instead of modelling the
rise of individual bubbles through sediment, we propose that gas cavity expansion dilates a vertical
conduit for free gas flow to the sediment surface (Figure 103). Since the flow conductance of these
conduits is several orders of magnitude larger than that of undisturbed sediments, we assume that
bubble release is much faster than the daily timescale resolved here, and in the model implemen-
tation we evacuate gas instantaneously from the entire depth range of the open conduit. We have
confirmed that the flux records using this simplification are nearly identical to those from more
detailed simulations that assume Darcy flow of gas through the conduits [Scandella, 2010].

Flow conduits dilate in response to changes in effective stress, σ′, which is the average stress
carried by the solid skeleton and is the primary determinant of deformation [Terzaghi, 1943]. When
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Figure 102: Spatially- and temporally-concentrated ebullition from lake sediments in response to
hydrostatic pressure drops. (a) Location of Upper Mystic Lake (inset, Massachusetts shaded) and
bathymetry at 2.5-m shaded intervals superposed on an aerial photomosaic. Colored circles mark
bubble trap locations that produced the data shown in (b), and the profile shown in (c) was collected
along the pink transect, with the star marking the gas plume location. (b) Record of hydrostatic
load variations (left axis, blue curve) and cumulative gas collected (right axis) from early August
through November 2008. The flux records from individual traps are highly synchronous, especially
during periods of pronounced drop in hydrostatic head, denoted by grey bars. (c) Acoustic sub-
bottom profile across UML (blue), where lighter shading indicates reduced reflectivity associated
with gassy areas near the sediment surface. Overlain is a sonar image showing a bubble plume
rising ∼ 5 m from the sediments, following a drop in hydrostatic pressure in December 2009.
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two fluid phases are present, the effective stress is a function of both fluid pressures [Coussy, 1995],
but a series of experiments on fine, gassy sediments suggests that the overall deformation depends
primarily on the total (vertical) stress and gas pressure alone [Sills et al., 1991]. This is consistent
with the view that sediment and water form a coherent “mud” phase, where gas bubbles have a
characteristic size much larger than the pore size [Sills et al., 1991; Boudreau et al., 2005]. Thus,
we approximate the effective stress in gassy sediments as:

σ′ = σ − Pg, (51)

where σ is the total vertical stress—the sum of integrated bulk sediment weight and hydrostatic
load—and Pg is the gas pressure. In soft, cohesive sediments, the ratio of lateral to vertical effective
stress is often around one, so vertical and horizontal stresses are roughly equal. Conduits dilate
when the effective stress at a particular depth becomes negative and matches the magnitude of the
effective tensile strength, T .

A drop in hydrostatic load may reduce σ′ to this cohesive yield limit and initiate bubble trans-
port to the sediment surface. While the total stress is forced by changes in hydrostatic load, the gas
pressure evolves in response to compression and dilation of gas cavities within a plastic, incom-
pressible matrix of sediment and water. Therefore, two separate mechanisms are at play: cavity
deformation and conduit opening. Cavity deformation changes the gas pressure and volume when-
ever the effective stress reaches tensile or cohesive limits. The conduits, however, open only at the
tensile limit. The gas generation rate is assumed to be constant and to increase the bubble volume
only. Thus, changes in gas pressure occur only in response to changes in hydrostatic load. Specif-
ically, the gas cavities maintain their pressure until the effective stress in the surrounding matrix
reaches a plastic yield limit [Coussy, 1995] under compression (C) during hydrostatic loading, or
tension (T ) during hydrostatic unloading,

−T (z) ≤ σ′(z, t) ≤ C(z), (52)

where both T (z) and C(z) are assumed to increase linearly with depth from a zero value at the
sediment surface, reflecting that sediment strength increases with the degree of compaction (Fig-
ure 103). Experiments confirm that the compression of gas cavities is a plastic process, in which
compressed cavities do not expand upon subsequent unloading [Sills et al., 1991] (see Figure S1
of the auxiliary material). When the effective stress reaches either yield limit, the gas pressure
changes during dilation or contraction to keep the effective stress within these bounds, and gas
volume variations are calculated using the ideal gas law. Because gas conduits dilate at the tensile
yield limit, these changes in gas pressure and volume impact the timing and magnitude of gas
release from each depth interval.

The model of plastic cavity evolution and release through dynamic conduits is designed to cap-
ture the average gas venting behavior from a representative area (such as an entire lake), rather than
to simulate the detailed dynamics of a single venting site. The model was run for a period of four
months from an initial gas-free state, and the simulated lake-surface fluxes were compared against
data from UML, which were collected near the lake surface using bubble traps (Figure 102a). Each
surface-buoyed bubble trap—an inverted funnel connected to a PVC pipe that collects a column of
free gas—continuously records the buoyant force from the gas as a proxy for the column height,
which allows estimation of the rate at which gas enters the funnel [Varadharajan et al., 2010]. The
dynamics of bubble dissolution during rise through the water column are complex [Rehder et al.,
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Figure 103: Model response to water level drop. (a) Initial condition: the cartoon at left shows
the lake level (blue) above a sediment column with gas bubbles trapped below the open conduit
depth and down to the active bubble generation depth, h (not to scale). The conduit opens to the
surface from the greatest depth where the effective stress, σ′ = σ − Pg, falls to its tensile limit,
−T . The stress and pressure profiles at right show that this occurs when Pg (red solid line) equals
σ+T (gray dashed line). (b) A drop in hydrostatic load reduces σ throughout the sediment column.
(c) Plastic cavity dilation allows shallow gas bubbles to decompress to σ + T . The conduit opens
from the deepest location where σ′ = −T and releases the formerly trapped bubbles. In the case
of a hydrostatic load increase (not shown), the stress rises, and the cavity compression mechanism
pressurizes gas bubbles to enforce σ′ ≤ C, or equivalently Pg ≥ σ−C. The effective stress would
nowhere equal its tensile limit, and the conduit would close completely.

187



2002; McGinnis et al., 2006; Gong et al., 2009], and beyond the scope of this sediment-centric
study. Here, we assume that volume fluxes at the sediment and lake surfaces are proportional, and
the season-averaged release from the model is scaled to the season-averaged flux from the lake-
surface trap data, averaged over all traps. Although the assumption of proportional fluxes at the
lake bottom and lake surface is clearly an approximation (water depths at the bubble traps vary
between 9 and 25 m), it is justified given the uncertainty in sensing the spatially heterogeneous
surface flux using only five, randomly placed bubble traps. The assumption of constant methane
generation rate is also a simplification, but it is well justified for our four-month venting record
given the anoxic conditions through the measurement period and the near-sediment water temper-
ature of ∼ 4◦ C in all measurements [Varadharajan, 2009].

Results
We applied our model to study the dynamics of methane venting at UML during a period of
∼120 days over which gas flux was recorded (Figure 104). Because the seasonally-integrated
model flux is scaled to match the cumulative gas collected by the five traps, the overall magni-
tude of the model flux has little significance. The timing and relative magnitudes of the venting
events, however, are characteristics that our model predicts given the input hydrostatic pressure
variations and a single, dimensionless parameter. These characteristics of the data are clearly well-
reproduced, suggesting that the model captures the essential dynamics of methane ebullition.

The distribution of ebullition in time is controlled by three physical quantities: the generation
zone depth, h, and the vertical gradients in tensile and compressive strength, dT/dz and dC/dz,
respectively. These variables, however, do not act independently. The amount of gas released
following a given drop in hydrostatic load depends on the depth to which the flow conduit dilates,
and the drop required at a given depth depends on the total sediment strength, the sum of T and C.
The appropriate dimensionless parameter characterizing the balance of total sediment strength and
hydrostatic load variations is the ebullition number,

Ne =
h(dT/dz + dC/dz)

∆Ph
, (53)

which defines the drop in hydrostatic load, normalized by an arbitrary characteristic variation ∆Ph,
required to evacuate the entire active generation zone. Alternatively, N−1

e defines the fraction of
the active zone evacuated by a characteristic drop in hydrostatic load, ∆Ph. The value of the
ebullition number, Ne, must be obtained by calibration of the model response to flux data. Taking
∆Ph as the standard deviation of nearly normally-distributed hydrostatic pressure inputs, ∼1 kPa,
the best model fit for UML is obtained with Ne = 5. Smaller values of Ne in the model result in
methane being released in response to smaller hydrostatic variations, and predictions that are less
sensitive to extreme pressure drops—the model flux signal is composed of more frequent, smaller
peaks. Larger values of Ne in the model cause gas stored deep in the sediment column to remain
trapped during the smallest hydrostatic drops; this trapped gas is released more vigorously but less
frequently during the largest pressure drops (see Figure S2 of the auxiliary material).
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Discussion and Conclusion
We have shown that the timing and distribution of flux magnitudes predicted by our single-parameter
model match the flux data, averaged over 5 traps (Figure 104). However, the methane venting sig-
nals from individual traps are composed of fewer, more vigorous events because not all venting
sites activate strictly simultaneously (Figure 102b). The single parameter, called the ebullition
number, controls the venting episodicity and reflects the balance between hydrostatic pressure
forcing and sediment strength. The model calibration of the ebullition number (Ne = 5) is more
representative for the average flux of the system, and larger values of Ne are required to capture
the dynamics of individual venting sites.

Our mechanistic model of methane transport captures the dynamics of ebullition by coupling
the plastic evolution of trapped gas bubbles with their release through dynamic flow conduits. Re-
producing these dynamics is important not only to understand how gas escapes the sediments into
the water column, but also to understand the subsequent dissolution and atmospheric release [Leifer
et al., 2006; McGinnis et al., 2006; Gong et al., 2009; Greinert et al., 2010]. The same mechanisms
likely control gas release from fine, methane-bearing sediments under other surface water bodies,
including marine sediments controlled by tides [Martens and Klump, 1980] or swell [Leifer and
Boles, 2005], and the model could be extended to systems where the methane source pressurizes
gas sufficiently to drive the episodic releases [Tryon et al., 2002]. Our model lays the groundwork
for integrated modelling of methane transport in the sediment and water column, linking estimates
of methane generation [Price and Sowers, 2004] with models of water column dissolution [Leifer
et al., 2006; McGinnis et al., 2006] to constrain the global methane release from lakes, wetlands,
estuaries and shallow continental margins.

Appendix A. Methods Summary
Ebullition measurements.

The ebullition data were collected using surface-buoyed bubble traps, which funnel rising methane
bubbles into a column and measure the gas volume collected with a temperature-corrected pressure
sensor at the top. A pressure sensor fixed relative to the lake bottom measured the total hydrostatic
load. Both gas flux and hydrostatic load data were recorded at 5-minute resolution and smoothed
using a 1-hour moving average filter to remove noise from surface waves [Varadharajan et al.,
2010].

Geophysical surveys.

Acoustic imagery was acquired in December 2009 using an Edgetech 424 Chirp fish towed∼30 cm
below the lake’s surface and operating at 4 to 24 kHz with 4 ms sampling. Acoustic data and GPS
navigation were recorded in real-time in SEGY files, and two-way travel time to depth conversion
was accomplished using freshwater sound velocity of 1472 m/s. The superposed water column
image of a methane plume was simultaneously captured using the 83 kHz mode of a Hummin-
bird 798ci fishfinder with built-in GPS. The bathymetric data shown in Figure 102a were gridded
in ESRI ArcMap software using lake bottom depths picked from Chirp data acquired during 3 sur-
veys in 2009 and 2010, as well as depths independently recorded by the fishfinder in October 2010.
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Figure 104: Best fit of model gas ebullition fluxes to data from Upper Mystic Lake. The left axis
and solid blue line show a time series of the hydrostatic load forcing, and the right axis shows the
methane fluxes from the mean bubble trap data (black, dashed) and model (orange, solid). The
gray shaded area indicates the range of flux values from the five traps; note that in four instances
the range extends above the limit of the vertical axis up to a value of ∼700 mL/m2/day. The fluxes
are binned daily, and the cumulative model release is constrained to match the data. The calibrated
value of the ebullition number, Ne = 5, reflects that a hydrostatic pressure drop of about 5 standard
deviations (5 kPa in this case) is required to evacuate the methane from the entire active generation
depth, h (equation (3)). The single-parameter model accurately predicts the timing of large flux
events and usually their magnitude, as well.
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Numerical methods.

We solved the model equations numerically to evolve the gas pressure and gas saturation (fraction
of the pore volume occupied by gas), in each depth interval in response to variations in the hydro-
static load at the surface. We discretized the equations in space using a second-order finite volume
scheme with linear reconstruction and a central limiter to ensure monotonicity. Time integration
was performed using second-order Runge-Kutta method, following the poromechanical evolutions
in a staggered manner. The numerical grid was the same for poromechanics and flow, with 64 con-
trol volumes in the vertical direction. Both the cm-scale vertical resolution and hourly time-step
were fine enough that the results are insensitive to further refinement [Scandella, 2010].
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Numerical modeling of hydrate formation and methane gas trans-
port through dynamic conduits

Introduction
The dissociation of methane hydrates in shallow ocean sediments has long been suggested as a
potential feedback to climate change [Dickens et al., 1995; Judd et al., 2002; Archer et al., 2009].
One of the primary modes of methane export from submerged sediments is free-gas ebullition, but
gas bubbles dissolve during rise, exposing the methane to oxidation to the less potent greenhouse
gas CO2 [Valentine et al., 2001]. The ability of rising bubbles to transport methane to the atmo-
sphere depends on the release depth, bubble density and size distribution [Leitch and Baines, 1989;
Greinert and Nutzel, 2004; Leifer et al., 2006; McGinnis et al., 2006; Gong et al., 2009]. Thus, the
atmospheric release depends not only on how much hydrate dissociates but how it is released from
the sediments.

Focused ebullition has been observed at Hydrate Ridge, especially in a periodic pattern during
low tides [Torres et al., 2002]. The gas is likely supplied from a deep geologic reservoir, but
the mechanism that allows it to travel through the Hydrate Stability Zone (HSZ) from near the
base of the HSZ (BHSZ) and to escape only during low tides has yet to be determined. Multiple
mechanisms have been proposed for coexistence of free gas and hydrates in the HSZ [Milkov and
Xu, 2005; Torres et al., 2005; Ruppel et al., 2005]: (1) regional geotherms, (2) reduction in hydrate
stability by salt accumulation, (3) kinetics of hydrate formation, and (4) fast, focused flow of free
gas through high-permeability conduits. Evidence of fractures and flow through them at Hydrate
Ridge has been inferred from field observations [Torres et al., 2002; Flemings et al., 2003; Trehu
et al., 2004a; Weinberger and Brown, 2006] and modeling studies [Liu and Flemings, 2007; Daigle
and Dugan, 2010].

The combined observations of tidally-controlled ebullition with evidence of gas flow through
conduits gives us an opportunity to investigate the mechanisms controlling gas migration through
the hydrate stability zone. Previous modeling work has sought to estimate the distribution of
hydrates by considering methane transport in the dissolved phase only [Xu and Ruppel, 1999;
Buffett and Archer, 2004; Daigle and Dugan, 2010] or as gas flowing by capillary invasion [Liu
and Flemings, 2007; Garg et al., 2008; Reagan and Moridis, 2009; Daigle and Dugan, 2010]. These
models capture slow processes of pore water flow, heat and salt transport to capture important
impacts on hydrate stability and the equilibrium distribution of hydrates [Kowalsky and Moridis,
2007]. Other models have been used to estimate the hydrate response to slow sea level change [Liu
and Flemings, 2009] and the onset time for fracturing [Liu and Flemings, 2007; Daigle and Dugan,
2010].

In contrast, we model fast processes of free-gas flow through fractures, tidal variations, and
kinetic hydrate formation. Previous modeling of gas release from hydrate-free lake sediments has
shown that conduit flow can reproduce the observed, hydrostatically-forced episodicity of gas vent-
ing [Scandella et al., 2011], and we hypothesize that a similar mechanism controls tidally-forced
venting from hydrate-bearing sediments. Here, we develop a numerical model of this mechanism
and show that it can indeed reproduce the tidally-dependent ebullition record observed at Hydrate
Ridge. In addition, we find that within a tidal low the ebullition will manifest as distinct bursts that
arise from a geyser-like instability. The ability of gas to traverse the HSZ depends on the vertical
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Figure 105: Conceptual model of gas flowing through the hydrate stability zone by dilating near-
vertical conduits. These conduits access gas in a small domain of surrounding porous media,
especially through conductive horizontal strata [Weinberger and Brown, 2006], and transport the
gas vertically. Vertical dimensions reflect the south summit of Hydrate Ridge, where tidally-forced
ebullition has been observed [Torres et al., 2002].

gas conductivity and kinetic hydrate formation rate.

Theory, Formulation and Methods
Model domain

We investigate the dynamics of gas flow through the hydrate stability zone with a one-dimensional,
continuum-scale numerical model. The model attempts to capture the aggregate behavior of sed-
iments fractured periodically in space. Because the model is 1D, the transport and accumulation
reflect the vertical flow through the fractures as well as the fluid exchange between the fracture and
the sediment matrix.

The model is intended to resolve the release of methane at sub-tidal timescales (minutes to
hours). At this timescale, fast transport mechanisms such as gas-phase flow are expected to dom-
inate pore-fluid solute advection and diffusion. Thus, we neglect the accumulation and transport
of dissolved methane, salt, and heat, with hydrate formation and aqueous flow. These mechanisms
control the hydrate distribution by changing the local hydrate stability conditions [Bhatnagar et al.,
2007; Liu and Flemings, 2007; Garg et al., 2008; Liu and Flemings, 2009; Daigle and Dugan,
2010] and thus the long-term hydrate distribution. In turn, hydrate formation can influence the
transport regime by cementing the grains [Waite et al., 2009; Klar et al., 2010] or clogging the
pores [Nimblett and Ruppel, 2003; Liu and Flemings, 2007; Daigle and Dugan, 2010]. We neglect
these slow feedback mechanism to develop a simple continuum model of fast gas flow through
conduits that respond to both internal pressurization and a tidal forcing.
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Poromechanics

Gas behaves differently in fine-grained sediments, such as the clay-dominated sediments found in
the HSZ at Hydrate Ridge [Trehu et al., 2004a], compared with coarse-grained sediments. Gas
invades large-grained porous media when the capillary pressure (Pg − Pw) becomes large enough
for the curved interface to squeeze through a pore throat. In fine-grained sediments, gas invades
by deforming the grains because the capillary pressure required to squeeze through the throats is
prohibitively large [Jain and Juanes, 2009]. Instead of small interstitial bubbles characteristic of a
capillary-controlled system, gas bubbles in fine sediments take the form relatively large gas cavities
surrounded by a matrix of water and sediment grains [Sills et al., 1991]. Because these bubbles
grow in a highly-eccentric, cornflake-shaped fracture pattern [Boudreau et al., 2005; Algar and
Boudreau, 2010], rather than as spherical bubbles, this mode of growth may also allow for vertical
mobility.

The effective stress, σ′, controlling the deformation of this continuum around the gas cavities
may then be approximated as,

σ′ = σh − Pg, (54)

where σh is the horizontal stress and Pg is the gas pressure [Scandella et al., 2011]. This con-
trasts with the typical form of the effective stress, in which the fluid pressure of concern is the
water pressure [Terzaghi, 1943; Daigle and Dugan, 2010] or when both fluid pressures are consid-
ered [Bishop, 1959; Klar et al., 2010]. Equation 54 is consistent with the view that sediment and
water form a coherent “mud” phase against which large gas bubbles must push to expand.

The deformation of this matrix-water continuum may be treated as a plastic process that occurs
at yield limits in tension (σT ) and compression (σC):

−σT ≤ σ′ ≤ σC . (55)

Cavities dilate in tension (σ′ = −σT ), reducing the gas pressure sufficiently to maintain the plastic
equilibrium defined in Equation 55. In compression (σ′ = σC), the cavities shrink and the gas
pressure rises in step with the horizontal stress. This mechanism of cavity deformation is used to
attribute accumulation of gas mass to changes in pressure and volume, in the following order as
necessary:

1. Generate maximum gas pressure change at current volume, up to a plastic yield limit

∆Pmax
g =

∆MgRT

SgφmCH4

. (56)

2. If a yield limit is reached, deform cavities to change volume. Vary saturation at the new
fixed gas pressure, according to the ideal gas law, up to a maximum that satisfies the volume
constraints Sg + Sh ≤ 1 and Sg ≥ Sming .

3. If a volume constraint is reached, allow pressure to rise or fall outside the plastic limits
(σh − σC ≤ Pg ≤ σh + σT ) at the new fixed saturation according to the ideal gas law.

Thus, gas accumulation first forces the gas pressure to a yield limit before changing the gas sat-
uration. This allows for compressible gas flow but requires a small time step to resolve frequent
pressure changes.
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In all simulations here we assume σC = 0 and σT = 0.3 MPa, consistent with estimates from
combined modeling and field observations at South Hydrate Ridge [Weinberger and Brown, 2006].
The gas pressure may exceed the plastic yield limits, especially when hydrate formation depletes
the gas to a minimum saturation (for stability) Sming = 0.005. However, this does not occur in any
of the simulations shown here.

Gas flow through conduits

The core of our model is free-gas flow through dynamic, vertical conduits. These conduits dilate
at the tensile plastic yield limit and close at the compressive limit (Figure 106). In addition to the
dependence on effective stress, we impose a minimum gas saturation, Sconduitg = 0.1, which is
required for the conduits to connect across depth intervals [Weinberger and Brown, 2006]. Similar
model behavior is obtained when Sconduitg = 0, except the low gas saturations exacerbate the gas
pressure fluctuations during cavity deformation (Equation 56), and resolving these larger pressure
swings requires a smaller time step.

The model captures gas flow through fractured porous media without distinguishing the pools
of gas in the conduit and porous medium separately. Instead, the effect of dilation is captured
by increasing the vertical intrinsic permeability, k, from 0 to a parameterized permeability of the
conduit-matrix continuum, kconduit, which accounts for both the dimensions and lateral spacing of
conduits. The gas mass conservation equation uses a multiphase extended form of Darcy’s law for
the gas flux [Muskat, 1949]:

∂t(φρgSg) = −∂zFg +Qh
g (57)

Fg = −ρg
kkrg
µg

(∂zPg − ρgg) (58)

krg = Sg (59)

where Qh
g is the rate of gas mass generation from hydrate per unit volume and constitutes all the

gas loss from hydrate dissociation, Qh:

Qh
g = −χCH4

h Qh (60)

The model is initially free of hydrate but includes gas saturations equal to the minimum for
conduit opening, Sconduitg , in order to eliminate the initial time necessary to accumulate this min-
imum saturation. The gas pressure, however, is assumed to begin at the compressive yield limit
so that the conduit is initially closed everywhere. At the top boundary the gas pressure equals
the tidally-forced hydrostatic pressure, with Sg = 0, and the gas flux in the bottom is set by the
parameter F source

g , which represents the source supplied through Horizon A at the BHSZ [Trehu
et al., 2004a; Weinberger and Brown, 2006].

Hydrate formation and dissociation

Given the high temporal resolution of the model (seconds to minutes), a kinetic model of hydrate
formation was adopted following [Kim et al., 1987]. The model for microscale hydrate formation
is driven by the departure from equilibrium fugacity, and we simplify this by considering the
nearly-equivalent departure from equilibrium pressure [Duan et al., 1992]. We also adopt the same
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Figure 106: Model response to water level drop. (a) Initial condition: the cartoon at left shows the
water level (blue) above a sediment column with gas bubbles trapped below the open conduit (not
to scale in vertical). The conduit opens when the effective stress, σ′ = σh − Pg, falls to its tensile
yield limit, −σT . The stress and pressure profiles at right show that this occurs when Pg (red solid
line) equals σh + σT (gray dashed line). (b) A drop in hydrostatic load reduces σh throughout the
sediment column. (c) Plastic cavity dilation allows shallow gas bubbles to decompress to σ + σT .
The conduit opens from the deepest location where σ′ = −σT and releases the formerly trapped
bubbles. In the case of a hydrostatic load increase (not shown), the stress rises, and the cavity
compression mechanism pressurizes gas bubbles to enforce σ′ ≤ σC , or equivalently Pg ≥ σh−σC .
On open conduit remains open until this compressive limit is reached. Modified from [Scandella
et al., 2011].
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temperature dependence but neglect the dependence on surface area of hydrate [Kim et al., 1987].
The rate of hydrate mass generation per bulk volume is:

Qh = Kh(Pg − Peq) exp(− E

RT
), (61)

where Kh is a rate constant with units of kg/m3/Pa/s, E = 8.1× 104 J/mol is the activation energy
of the reaction, R = 8.314 J/mol/K is the gas constant. This model transfers mass of CH4 from the
gas to hydrate phases when Pg > Peq, in the hydrate stability zone, and it transfers mass in the other
direction when Pg < Peq, generally below the hydrate stability zone. The equilibrium pressure is
evaluated as the hydrate-gas phase boundary, Peq[kPa] = exp(40.234− 8860/T [K]) [Kwon et al.,
2006], for a temperature profile from a seafloor temperature of 277 K and constant geothermal
gradient of 0.053 K/m at Hydrate Ridge [Daigle and Dugan, 2010]. This causes hydrate to form
slightly below the traditional BHSZ, defined as Pw = Peq, because Pg ≥ Pw when free gas is
present. Whenever either phase is depleted or when the sum of gas and hydrate saturations exceeds
1, the rate of transfer is reduced to avoid unphysical mass transfer.

Tidal forcing

Impact on vertical stress. A central goal of our model is to capture the observed relationship
between tides and ebullition from hydrate-bearing sediments [Torres et al., 2002], and the link is
made through the impact of hydrostatic pressure on total and effective stresses. The total vertical
(lithostatic) stress, σv, is the sum of the hydrostatic pressure at the sea floor and the integrated bulk
density:

σv(z, t) = Ph(t) +

z∫
0

ρb(z
′)gdz′ (62)

Ph(t) = ρwg

(
D + ztide ∗ sin

(
2πt

ttide

))
, (63)

where ρb is the bulk density, Ph is the hydrostatic pressure at the seafloor, ztide and ttide are the
tidal amplitude and period, respectively. These equations simply show that tidal variations reflect
the total vertical stress throughout the HSZ.

Lateral and vertical stresses. The total vertical stress varies with tides as shown above, but
near-vertical conduits should in the direction where the gas opposes the minimum stress, which is
generally horizontal near the crest of south Hydrate Ridge [Weinberger and Brown, 2006]. We cal-
culate the horizontal stress that would be imposed on the model domain by the surrounding, water-
saturated sediments. The vertical and lateral stresses are connected through the water-saturated
effective stresses by the lateral stress coefficient, K0. In water-saturated rock and soil, K0 may be
expressed as

K0 =
σ′hw
σ′vw

=
ν

1− ν , (64)

where σ′hw = σh − Pw and σ′vw = σv − Pw are the water-saturated effective stresses, and ν is
Poisson’s ratio [Wang, 2000]. We adopt ν = 3/7 → K0 = 0.75 and for our system [Thomas,
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1987]. Estimating the horizontal stress from the vertical stress requires both the lateral stress
coefficient and water pressure:

σh = σ′hw + Pw = K0σv + (1−K0)Pw (65)

The water pressure response on short timescales and deep in sediments is undrained, where the
fluid pressurization with laterally-uniform variations in vertical stress is determined by the loading
efficiency, λ = ∂Pw/∂σv [Wang, 2000]. For the water-saturated sediments surrounding the model
domain, we assume λ = 1 [Liu and Flemings, 2009], and therefore that the water pressure changes
synchronously and in the same amount as vertical stress.

Combined model

During each time step, the mechanisms are applied in a staggered manner:

1. Impose hydrostatic forcing.

2. Determine where conduits open and close to impose permeability profile.

3. Flow gas through the open conduits.

4. Exchange mass between gas and hydrate phases.

5. Deform cavities, altering Pg and Sg, to plastic equilibrium in response to the hydrostatic
forcing and the mass accumulation combined from flow and phase transfer.

Results
Episodicity of gas release at the seafloor

We perform a base-case scenario designed to reproduce the general pattern of ebullition during tidal
lows for conditions observed at the southern summit of Hydrate Ridge [Torres et al., 2002]. The
parameter values used for this base scenario are D = 800 m, H = 180 m, ztide = 1 m, ttide = 12
hours, kconduit = 2 × 10−14 m2, Kh = 100 kg/m3/Pa/s, F source

g = 10−4 kg/m2/s, σT = 0.3 × 106

Pa, and Sconduitg = 0.1. Under these conditions gas indeed traverses the HSZ and escapes during
falling tides (Figure 107).

The time for gas to traverse the HSZ may be estimated using the multiphase Darcy flux (Equa-
tion 58):

tflow ∼
zBHSZµgφ

kconduitρbg
, (66)

where the characteristic gas pressure gradient has been approximated by a characteristic value
relative to the lithostatic gradient, ρbg. The model predicts that gas typically accumulates beneath
the sediment surface until the hydrostatic pressure falls with tides (Figure 108) and the tensile
plastic deformation at the surface allows gas to escape into the water column. After an initial peak
in gas flux, the ebullition continues at a moderate rate until the near-surface gas is depleted or the
tides begin to rise again and cause the conduits to close (Figure 107).
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Figure 107: Periodic venting of gas (green, right scale) at the seafloor in response to 1 m tidal signal
(blue, left scale). Gas flux is normalized by the input flux at the bottom of the model, F source

g . The
delay before the initial release reflects the timescale for gas to build up pressure and traverse the
HSZ. The strong peak leading each release reflects a buildup of pressure just below the seafloor
that is released during plastic tensile opening of the gas flow conduit at the surface, after which the
gas pressure drive is reduced. Gas vents only during falling tides.
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Figure 108: Profile of pressures and stresses at the end of the base simulation. The horizontal
stress, gas and water pressures appear as solid lines of black, red and blue, respectively. The
tensile limit on gas pressure, σh + σT , is shown as a dotted black line, and the equilibrium gas
pressure, Peq is a red dashed curve. The region from 0− 80 mbsf is a connected gas plume where
the conduit remains open because Pg > σh − σC . This plume is separated from the other rising
plume, from 100 − 180 mbsf, by a region where the gas pressure has fallen to the compressive
yield limit and the conduit has closed.
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Timescales of flow through dynamic conduits. Even without a tidal forcing or hydrate for-
mation, compressible gas flow through a system of dynamic conduits displays two primary time
scales at steady state: the release time for a connected gas plume, and the duration of an individual
ebullition event. Each rising gas plume, displayed as a region of gas pressure elevated above the
horizontal stress and the conduit remains open (Figure 108), may reach the sediment surface and
escape over a time period on the order of 1 day (Figure 109, top). This release time scales as

tplume ∼ tflow
hplume
zBHSZ

, (67)

where hplume is the height of a rising gas plume. This height depends on the ratio of gas influx
from below (F source

g ) and the vertical conductivity and may be estimated as

hplume ∼ tflow
F source
g

M0
g

, (68)

whereM0
g is the initial mass of gas per unit bulk volume. This equation yields an estimate of∼ 130

m for the base simulation and agrees well with the observed heights of ∼ 100 m in Figure 108.
However, a plume is not necessarily released in a continuous event. The release of methane

gas from the top of the sediment column locally reduces the gas pressure and can close the conduit
before the underlying gas plume is depleted. This geyser-like instability releases a rising gas plume
as multiple separate ebullition events (Figure 109, bottom).

Interaction of flow with tides and hydrates. The inherent episodicity of gas release through
conduits is complicated by the influence of tides and hydrate formation. The relatively slow release
of a connected plume may be broken up into individual releases as falling tides facilitate conduit
opening by reducing the hydrostatic load and total stress (Equation 62 and Figure 110, top). The
release during a single cycle may then be further divided by the geyser instability (Figure 110,
bottom).

Hydrate formation simultaneously reduces the gas pressure and closes the conduits more quickly,
which delays the arrival at the surface, reduces the total output of gas, and changes the fine-scale
episodicity of gas release (Figure 111).

Gas survival through the HSZ

The amount of methane that traverses the HSZ depends on the relative rates of gas flow and con-
version to hydrate. The time required for gas to traverse the HSZ is estimated from Equation 66,
although the flow timescale itself depends on the rate of hydrate formation because hydrate forma-
tion tends to close the conduits or prevent their opening by reducing the gas pressure. The flow
timescale should be compared with the timescale for hydrate formation, which may be estimated
from Equation 61 as the time required to consume the initial gas at its initial pressure:

thydrate ≈
M0

g /χ
h
CH4

Kh(Pg − Peq) exp(−E/(RT ))
, (69)

where χhCH4
is the mass fraction of methane in hydrates. Because the initial pressure and tempera-

ture profiles are not spatially uniform, thydrate is estimated as the average over all depth intervals.
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Figure 109: Time series showing an internally-driven run with no tidal forcing. The top figure
shows two timescales relevant to the release: a longer timescale created by the rise of connected
gas plumes, which vent for and are separated by about a day, and a shorter timescale of discrete
ebullition events. The zoomed bottom figure shows that these releases are separated by about 1/20
day.
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Figure 110: Impact of combined internal and external forcings on gas flow without hydrate forma-
tion. Top: time series showing the long timescale of plume release of ∼ 2 days (days 1,3, 5, and
8) along with other effects within each plume release. Bottom: zoom of the top figure shows that,
within a given plume release, the individual ebullition events occur only during falling tides and
display different geyser-driven episodicity depending on the pressure and saturation conditions in
the near-surface sediments.
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Figure 111: Sensitivity of venting timeseries to rate of hydrate formation. In all cases, kconduit =
5 × 10−14 m2, ztide = 1 m (blue dashed sinusoid centered on 35 on the vertical axis), and Kh is
varied to control the ratio thydrate/tflow, shown in the legend. Smaller values of thydrate/tflow relate
to faster hydrate conversion and both delay the first ebullition event and reduce the total gas vented
to the ocean and (see Figure 112).

10
2

10
3

10
4

10
5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t
hydrate

/t
�ow

f re
le

as
e

 

 

  1
 50
100
200
400
800

Figure 112: Sensitivity of gas release to rates of gas flow and hydrate formation. The fraction
of gas that escapes without conversion to hydrate, frelease, increases as the timescale of hydrate
formation increases relative to the timescale of flow. The timescale ratio thydrate/tflow was varied
using both kconduit andKh. The legend shows particular values ofKh, and the discontinuities show
that the release fraction is somewhat dependent on thydrate independently of thydrate/tflow.
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Figure 113: Final hydrate saturation profile for the same conditions as in Figure 107 after 10 days.

We quantify the fraction of methane flowing through the model that reaches the ocean by
tracking these fluxes over the course of a given simulation. If the time period is long enough to
reach pseudo-steady state conditions, changes in the methane storage become small relative to the
cumulative fluxes into and out of the system. In this case, the ability of methane to escape to the
sediment surface may be estimated as the ratio of time-integrated fluxes across the top and bottom
of the model. However, the poorly-constrained initial gas content of the system motivates us to
account for the change in gas storage over the time period:

∆Mg =

H∫
0

(Mg(z, tf )−Mg(z, t = 0)) dz (70)

frelease ≈

tf∫
0

F (z = 0, t)dt

tf∫
0

F (z = H, t)dt−∆Mg

, (71)

where Mg = ρgSgφ is the mass of accumulated gas per volume. This release fraction is highly
sensitive to the ratio of flow and hydrate timescales, and it also depends on the hydrate generation
rate (Figure 112).

Vertical hydrate distribution

Hydrate formation increases the saturation of hydrate, but the assumed formation rates are slow
and cause little to appear during the course of simulations here. A profile of hydrate saturation
shows this growth throughout the HSZ (Figure 113). The distribution reflects the balance of the
driving force, Pg −Peq, which increases upwards (Figure 108), against the temperature-dependent
term, which increases about threefold downward from the water column to the BHSZ. Hydrate
may form or dissociate based on Equation 61, but because the HSZ is always populated with gas
for these simulations, Pg ≥ Peq in this region and hydrate only forms and never dissociates.
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Figure 114: Spatial discretization sensitivity with nz = 64 and dz = 2.8 m, compared with
nz = 32 and dz = 5.6 m in Figure 107. Increasing the spatial discretization causes the initial
peaks in gas release to be larger due to the stronger gas pressure gradient between the top cell and
seafloor. In both these cases, the finite volume interface permeabilities were estimated from the
cell values using a moving average filter with enough cells to cover a width of 10 m.

Numerical techniques

The flow Equations (57–59) are discretized in space using a finite volume method with first-order
upwinding and integrated in time using a forward Euler scheme. The model is sensitive to the spa-
tial discretization because of the nonlinear relationship between permeability and effective stress
through conduit dilation. This means that the gas pressure gradients which build up at the top of
the sediment column are larger for finer discretization, and hence the driving force for gas flow is
stronger and the initial peak in ebullition is larger (compare Figures 107 and 114).

The model timestep is chosen dynamically to keep the magnitude of gas pressure changes from
flow and hydrate formation small compared with the sediment strength. This condition is strict
enough that the results do not change when a smaller timestep is imposed.

Discussion and Conclusions
The model developed here shows that free gas flow through dynamic conduits is a potential
mechanism by which tides trigger ebullition from hydrate-bearing sediments at South Hydrate
Ridge [Torres et al., 2002] (Figure 107). Although the model neglects spatial heterogeneity and
processes that control the long-term dynamics of hydrate-bearing sediments, its ability to balance
free-gas flow through dynamic conduits against conversion to hydrates allows us to identify emer-
gent behavior and the relevant temporal and spatial scales that may control venting at the seafloor.
For example, the tidal forcing imposes gas-flux periodicity on the release of connected gas plumes
that rise through the HSZ, and within a tidal ebb the release may break into multiple bursts as the
flow conduit opens and closes near the surface, in a mechanism reminiscent of fluid expulsion from
a geyser.

This fraction of injected gas that escapes conversion to hydrate is sensitive to the timescales
of fluid flow and hyrdate formation. More gas escapes conversion to hydrate when the ratio
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thydrate/tflow is larger, but even at a given value of this ratio, faster hydrate formation causes less
gas to survive the rise (Figure 112). We suggest the explanation that gas rises more slowly as the
hydrate formation rate increases because hydrate formation reduces the gas pressure and delays
conduit opening. As the time for gas to rise increases, a corrected ratio thydrate/tflow would be
smaller, and the lines might coincide better in Figure 112.

A number of neglected mechanisms impact the efficiency of gas transport and hydrate forma-
tion assumed by our model. The transport and accumulation of heat and dissolved methane and
salt all tend to inhibit gas flow and hydrate formation and dissociation. Gas and hydrate are only
stable when surrounded by methane- saturated pore water, and background aqueous flow flushes
away concentrated methane, dissolving gas and hydrates. Our model overestimates the efficien-
cies of both vertical gas transport and mass transfer from gas to hydrate phases. Meanwhile, salt
expulsion from pore water and heat generation during hydrate formation reduce hydrate stability,
providing negative feedbacks on hydrate generation.

Given that neither gas flow nor hydrate formation in our model depends on the presence of
hydrates, the current model is not an ideal tool for speculating on the impact of gas flow on the
vertical hydrate distribution. Future models may be made sensitive to hydrates by considering
increased tensile strength [Waite et al., 2009; Klar et al., 2010] or pore clogging [Nimblett and
Ruppel, 2003; Liu and Flemings, 2007; Daigle and Dugan, 2010] with hydrate formation, as well
as a dependence of the hydrate formation rate on the available hydrate surface area [Kim et al.,
1987]. Such models may test the stability of hydrate distributions suggested by models that capture
long-timescale effects in the presence gas flow through fractures.
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G. Løvoll, Y. Méheust, R. Toussaint, J. Schmittbuhl, and K. J. Måløy. Growth activity during
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Appendix – Description of Underlying Models 

A significant portion of this research involved the development of new models of grain-scale 
phenomena, especially the motion of gas/water interfaces in granular materials. Novel aspects 
included the development of physically representative network models that eliminate the 
artificial boundary conditions that have been applied to all network models in the past; models 
and methods that simultaneously account for capillarity-driven gas invasion and grain 
displacement by gas pressure forces; a method to approximate the fundamental physics of 
imbibition (which requires explicit representation of the geometry of grains in the porous 
medium) in a network model which has no representation of the grain geometry; a method to 
validate the basic premise of network modeling (viz. that individual pore-filling events can be 
correctly captured by a set of rules).  

These models underlie much of the analysis described in the body of this report. However 
many of them do not have immediate application to the behavior of hydrate-bearing sediments, 
which is the main focus of this report. We therefore describe these models by reference, that is, 
we cite the series of quarterly progress reports prepared over the course of this project for DOE 
NETL, and we refer to publications that have appeared on the same topics. All reports and 
publications are publicly available. We group these citations under three broad categories: model 
sediments, drainage/imbibition simulations, and capillarity/mechanics coupling.  

Model Sediments 

We developed algorithms to produce model sediments (dense, disordered packings of 
spheres) with a range of grain size distributions. The set of model sediments provided a test bed 
for drainage and imbibition simulations. The models are described in 

 
Juanes R., and Bryant, S. L., 2007. “Mechanisms Leading to Co-Existence of Gas and 
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Advanced Methods for Simulating Drainage and Imbibition 
We extended the Level Set Method for capillarity-controlled displacements (Prodanović and 

Bryant, J. Colloid. Interfac. Sci, 2006) to account for the geometry in rough-walled fractures 
(relevant to the problem of when and where hydrates could grow following gas invasion by 
fracturing a sediment). We also developed the concept of infinite-acting network models. These 
enabled the first fundamentally correct prediction of residual saturations resulting from 
drainage/imbibition displacements in nature, where no explicit boundaries for the sediment/rock 
exist.  
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Coupled Capillarity-Controlled Fluid Displacement with Mechanics 

The competition between fracturing and drainage as modes of gas invasion is fundamental to 
oceanic hydrate-bearing sediments. Thus we carried out extensive development of methods that 
account for both processes simultaneously.  
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Experiments of Multiphase Fluid Displacement with Mechanics 
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Publications on Field-scale Modeling and Hydrate-Bearing Sediments 
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Material in Preparation or in Review 
At the time of submission of this report, several scholarly works are in progress. We include 

them here for reference.  
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Reservoirs to Hydrate during Global Cooling”. Ph.D. Dissertation – The University of 
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Theses and Dissertations 
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Progress Reports 

Quarterly progress reports in chronological order include 
• 2006 Q4  
• 2007 Q1 
• 2007 Q2 
• 2007 Q3 
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• 2008 Q1 
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• 2009 Q1 
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• 2009 Q3 
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• 2010 Q1 
• 2010 Q2 
• 2010 Q3 
• 2010 Q4 
• 2011 Q1 
• 2011 Q2 
• 2011 Q3 
 
In addition to the quarterly reports, the deliverables on several specific tasks or subtasks 

included a technical report. The quarterly report for 2008 Q3 was subsumed by the report 
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