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Abstract We describe gas flow through the hydrate stability zone as a growing gas network with hydrate
forming on its edges. The diffusion‐limited model successfully describes the dynamics of hydrate formation
observed experimentally. We obtain an expression for the rate of hydrate growth in a region where gas
and water coexist. Our modeled rate of hydrate formation is much lower than predicted with a
kinetics‐based approach, and it more successfully simulates the hydrate formation rate observed in geologic
systems. Current simulation approaches can readily incorporate our approach to describe hydrate formation
in geological systems.

Plain Language Summary Methane hydrate is an ice‐like solid composed of methane gas and
water. Hydrate is present on the Earth where methane and water come together at the correct geologic
conditions—high pressure and near‐freezing temperature—which exist in the polar subsurface and in deep
sea sediments. If the conditions are met, it is assumed that methane will only be present in hydrate form, yet
free methane gas is often found flowing through this zone in the field and laboratory. To explain these
observations, we envision a system where the hydrate provides a barrier between the methane gas and water
in sediments. In this model, hydrate formation is limited by the rate at which methane can diffuse across the
solid hydrate. When calibrated with one parameter, the model fits well with multiple field and laboratory
observations of hydrate formation in sediments.

1. Introduction

Hydrate is a crystalline solid consisting of a low molecular weight gas, most commonly methane, trapped in
a water cage (Sloan & Koh, 2007). It is stable at low temperature (T) and high pressure (P) where the local
methane concentration exceeds the methane solubility in water (Sloan & Koh, 2007). Hydrate forms along
continental margins and in permafrost regions where these conditions are met (Collett et al., 2011),
sequestering a significant fraction of the world's organic carbon (Collett et al., 2011; Milkov, 2004).

The hydrate stability zone (HSZ) is the region near the Earth's surface where hydrate is stable. Onshore,
hydrate is stable in arctic regions where temperatures are low enough to compensate for the low in situ
pressures. Offshore, hydrate is stable in a range of water depths depending on the local pressure and
temperature profiles. In both cases, the geothermal gradient (the rate of temperature increase with depth
below the seafloor) determines the base of the HSZ, below which hydrate is no longer stable. It is commonly
thought that any free methane gas within the HSZ will immediately convert to methane hydrate. There are
many locations, however, where free gas flows within and through the HSZ (Haacke et al., 2009; Riedel et al.,
2006; Tréhu et al., 2004).

Three mechanisms have been proposed to explain the coexistence of free gas and hydrate in the HSZ: (1)
hydrate formation is limited by kinetics (Haeckel et al., 2004; Liu et al., 2019; Torres et al., 2004; Tréhu
et al., 2004); (2) the local thermodynamic condition is perturbed by elevated temperature or salinity such
that free gas and hydrate can coexist (Liu & Flemings, 2006, 2007; You, DiCarlo, et al., 2015; You &
Flemings, 2018; You, Kneafsey, et al., 2015); and (3) hydrate formation is transport‐limited due to the water
and gas being physically separated.

Ginsburg and Soloviev (1997) first envisioned the upward flow of free gas surrounded by a hydate shell, and
Riedel et al. (2006) proposed a similar mechanism. Most recently, we described experiments where free
methane gas was injected into water‐saturated sand under hydrate‐stable conditions (Meyer, Flemings, &

©2020. American Geophysical Union.
All Rights Reserved.

RESEARCH LETTER
10.1029/2019GL084380

Key Points:
• Gas flow within the hydrate stability

zone is accompanied by the
formation of a hydrate shell at the
gas‐water interface

• We model gas flow within the
hydrate stability zone as an invasion
percolation process coupled with
hydrate formation

• Our upscaled model produces
hydrate formation rates similar to
those observed in nature and slower
than existent kinetic models

Correspondence to:
D. W. Meyer,
meyerdw3@utexas.edu

Citation:
Meyer, D. W., Flemings, P. B., You, K.,
& DiCarlo, D. A. (2020). Gas flow by
invasion percolation through the
hydrate stability zone. Geophysical
Research Letters, 47, e2019GL084380.
https://doi.org/10.1029/2019GL084380

Received 12 JUL 2019
Accepted 10 JAN 2020
Accepted article online 15 JAN 2020

MEYER ET AL. 1 of 9

https://doi.org/10.1029/2019GL084380
https://doi.org/10.1029/2019GL084380
mailto:meyerdw3@utexas.edu
https://doi.org/10.1029/2019GL084380
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019GL084380&domain=pdf&date_stamp=2020-02-03


Dicarlo, 2018; Meyer, Flemings, DiCarlo, You, et al., 2018). A portion of the methane supplied formed
hydrate and the remainder advanced into the sample as free gas. We inferred that hydrate formed at the
gas‐water interface and the resultant hydrate shell limited mass transport allowing gas and hydrate to
coexist. Simultaneously, Fu et al. (2018) developed a model of gas injection into water under hydrate
stable conditions without porous media and demonstrated the development of a hydrate shell concurrent
with continual gas advance.

We present a model of a growing gas network with hydrate forming on the edges. The model successfully
describes the dynamics of hydrate formation observed in experiments (Meyer, Flemings, & Dicarlo, 2018;
Meyer, Flemings, DiCarlo, You, et al., 2018) where a gas supply wasmaintained through the hydrate‐bearing
zone throughout the experiments. We obtain an expression for the hydrate formation rate in the presence of
free gas that has a form similar to previous kinetics‐based approaches. Our modeled rate of hydrate forma-
tion is much lower than predicted with the kinetic approach, and it more successfully simulates the hydrate
formation rate observed in geologic systems.

2. Gas Invasion and Diffusion‐Limited Hydrate Growth

We envision methane flow into the HSZ as an invasion percolation process that creates a growing gas net-
work in the porous media (Figure 1a). A hydrate shell forms at the network interfaces and grows with time
through methane diffusion. Younger interfaces (downstream) have thin hydrate shells, while older inter-
faces (upstream) have thicker shells (Figure 1a). The exact interfacial geometry in porous media is complex
and the growth intermittent (Meyer, Flemings, & Dicarlo, 2018). For simplicity, we model this percolation
network as a continuously growing bundle of gas channels with similar geometry and size. We build an ana-
lytical model to describe this dynamic process (Appendix A). In the model, we only consider hydrate forma-
tion at the perimeter of the gas channels; any hydrate at the expanding face of the channel is
considered negligible.

The model uses mass balance and transport equations with three key parameters (Table 1 and Appendix A):
(1) the driving concentration difference (Cmg − Cmw, kg/m

3), where Cmg and Cmw are the methane concen-
tration in methane hydrate in contact with free gas and water, respectively; (2) the geometry of the channels

(a) (b)

Figure 1. Physical picture of advancing percolation channel (a) and simplified model (b). Dashed‐filled and solid‐filled
regions indicate gas intrusion and hydrate formation at an early time and a later time, respectively.
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parameterized by the ratio of the perimeter to the cross‐sectional area (Pc/
Ac, m

−1); and (3) the diffusion coefficient of methane through the hydrate
(Dm, m

2/s).

Under our experimental conditions (12.24MPa, 1 °C), Cmg and Cmw equal
approximately 120.76 kg/m3 (cage occupancy: 0.9902) and 116.60 kg/m3

(cage occupancy: 0.9561), respectively, resulting in a driving force
(Cmg − Cmw) of 4.16 kg/m

3 (Huo et al., 2003). In three‐dimensional space,
Pc/Ac becomes equivalent to the surface area per volume of a connected
gas network in porous medium (Agw/Vg). The interfacial surface area
per volume of porous media (Agw, m

2/m3) has been measured in systems
that do not form hydrates and is well approximated by Agw = 6(1 − n)Sg/
(2rgrain), where Sg is the gas saturation, rgrain is the median grain radius,

and n is the porosity (Brusseau et al., 2007). The volume of a connected gas network per volume of porous
media (Vg, m

3/m3) can be calculated by Vg = nSg. For our particular case (Table 1), we measure Sg = 0.21,
n = 0.4, and rgrain = 180 μm, resulting in Pc/Ac of 0.025 μm

−1. If the channels were cylindrical, the represen-
tative channel radius equals 80 μm.

Figure 2a shows the measured hydrate conversion ratio (Xconv; equal to the mass of methane in hydrate
divided by the mass of methane injected) as a function of time from experiments at three gas injection rates.
The three lines are modeled hydrate conversion rates for three diffusion coefficients (Figure 2a). We find that
Dm equal to 1.3 × 10−13 m2/s best reproduces the experimental data; this is the only fitting parameter in the

Figure 2. The measured (dots) and predicted (lines) (a) conversion ratio (Xconv), (b) total hydrate volume (Vh), (c) gas
invasion length within the sample (Lf), and (d) hydrate saturation (Sh). High, middle, and low flow rate experiments
injected methane gas at 7.17 × 10−11, 2.85 × 10−11, and 1.60 × 10−11 m3/s, respectively (Table 1).

Table 1
Measured Parameters in Our Experiments

Parameter Symbol Values Units

Pressure P 12.24 MPa
Temperature T 1 °C
Median grain radius rgrain 180 μm
Porosity n 0.4 —

Sediment intrinsic permeability ks 4 Darcy
Average gas saturation Sg 21 %
High flow rate Ug 7.17 × 10−11 m3/s
Middle flow rate 2.85 × 10−11

Low flow rate 1.60 × 10−11
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solution. From this, we can estimate the total hydrate volume (Vh) as a
function of time for the different flow rates (Figure 2b), the length of gas
invasion into the sample (Lf; Figure 2c), and the hydrate saturation (Sh)
in the gas invaded region (Figure 2d).

3. Transport‐Limited Hydrate Formation Rate

Behind the advancing front, the gas saturation and the gas pressure
remain constant (i.e., the network of gas filled pores is static). Having
established that hydrate growth is limited by methane diffusion through
a hydrate shell, the rate of hydrate growth (RCH4 , mol·m−3·s−1) in this
region can be calculated by

RCH4 ¼ Agwqd ¼ Agw
Dm Cmg−Cmw

� �
MmLh

; (1)

where qd is the methane diffusive flux through the hydrate shell
(mol·m−2·s−1) of uniform thickness (Lh, m), and Mm is the molecular
weight of methane (0.016 kg/mol). The thickness can be estimated by
Lh = Shn/Agw, and, using the same expression of Agw from Section 2, the
rate of hydrate formation is

RCH4 ¼
9 1−nð Þ2S2g
nShr2grainMm

Dm Cmg−Cmw
� �

: (2)

Equation (2) describes hydrate formation limited by methane diffusion
through the hydrate shell for static gas networks in porous media. It is a
function of the porous medium properties and local saturations. It can
be directly applied as the sink term to simulate hydrate formation in the
presence of free gas flow through the HSZ. Figure 3 (solid green line)

shows the hydrate formation rate as a function of hydrate saturation based on the parameters above, as con-
strained by our experiments. The dashed red and dotted blue lines in Figure 3 illustrate the behavior for
lower diffusion coefficients (Dm). The reaction rate also scales with the square of the grain size and square
of the gas saturation (equation (2)). Thus, small increases in gas saturation or decreases in grain size will
result in significantly greater hydrate formation rates.

4. Discussion

We presented an analytical solution to describe hydrate formation in an advancing gas network through por-
ous media within the HSZ (equations (A10) and (A11)), and we developed an expression for hydrate forma-
tion that can be directly used in numerical simulations (equation (2)). The approach has a single fitting
parameter, the diffusion coefficient for methane across solid hydrate (Dm), and it can be applied for any por-
ous media. The model is conceptually similar to that presented by Fu et al. (2018) for gas invasion into water.
However, our model extends this approach to consider hydrate formation in porous media and can be
applied for any porous media properties.

The formation of a hydrate shell along gas‐water interfaces has been extensively observed experimentally
without porous media and inferred to impose mass transfer limitations on hydrate formation (Davies
et al., 2010; Taylor et al., 2007). This process was conceptually proposed to explain gas flow within the
HSZ through both the sediment pores (Ginsburg, 1998; Soloviev & Ginsburg, 1997) and fractures (Riedel
et al., 2006). We demonstrated this behavior in the laboratory and modeled the formation of a hydrate shell
at the gas‐water interface (Meyer, Flemings, & Dicarlo, 2018; Meyer, Flemings, DiCarlo, You, et al., 2018). A
new generation of experiments are exploring pore‐scale hydrate formation in partially saturated porous
media and micromodels and frequently observe gas‐water separation by hydrate shells (Hauge et al., 2016;
Lei et al., 2019; Sadeq et al., 2018).

Figure 3. Predicted hydrate formation rate (RCH4 ). The solid green, dashed
red, and dotted blue lines use diffusion coefficients (Dm) of 1.3 × 10−13,
1 × 10−14,and 1 × 10−16 m2/s, respectively, with a gas saturation (Sg) of 21%,
median grain radius (rgrain) of 180 μm, porosity (n) of 0.4, and concentration
gradient of 4.16 kg/m3. We compare our model results to the traditional
kinetic model (equation (3); solid black line) from Sun and Mohanty (2006)
at a fixed fugacity difference (Δf= 8.31MPa) equal to the difference between
our experimental (12.24 MPa) and hydrate stability (3.93 MPa) pressures.
We use the measured kinetic constant of 0.5875 × 10−11 mol·m−2·Pa−1·s−1

(Englezos et al., 1987) and an intrinsic sediment permeability of 4 D to cal-
culate the reaction surface area (As).

10.1029/2019GL084380Geophysical Research Letters

MEYER ET AL. 4 of 9



We compare equation (2) with the hydrate formation predicted from a traditional kinetic formulation,

RCH4 ¼ kAs f exp−f eq
� �

; (3)

where the kinetic rate constant, k, is an Arrhenius‐type function of temperature (mol·m−2·Pa−1·s−1), As is
the reaction surface area (m2/m3), and fexp − feq is the difference in the fugacity of the dissolved methane
(fexp) and the three‐phase equilibrium fugacity (feq), which is also commonly expressed as the difference
in dissolved methane concentration from the solubility (e.g., Haeckel et al., 2004; Sloan & Koh, 2007;
Torres et al., 2004). Equation (3) was originally constrained with experiments performed in semibatch
stirred reactors (Englezos et al., 1987). However, it is also applied to describe hydrate formation in porous
media through modification of the surface area term, As (Sun & Mohanty, 2006). The solid black line of
Figure 3 shows the hydrate formation rate calculated by equation (3) with the parameters of our porous
media using the model of Sun and Mohanty (2006). The reaction rate is 2 orders of magnitude higher
than predicted by our hydrate shell model (Figure 3: solid green line) except at very low hydrate satura-
tion (Sh < ~1%). At Sh < ~1%, the hydrate formation rate may be limited by surface reaction rather than
mass transfer.

Equations (2) and (3) describe fundamentally different physical processes. In equation (2), the formation rate
is limited by the diffusion of methane across a thickening shell, and the surface area does not change with
hydrate formation within an established network. In contrast, in equation (3), after more than a few percent
hydrate formation, methane transport is limited by methane diffusion through the laminar liquid boundary
layer surrounding the hydrate, and any variation in the rate of hydrate formation is induced by the changing
surface area.

To simulate gas flow through the HSZ at Hydrate Ridge, Torres et al. (2004) used a reaction rate (RCH4Þ of
~10−10 mol·m−3·s−1 near the seafloor and ~10−13 mol·m−3·s−1 below. Haeckel et al. (2004) used RCH4 equal
to 10−6 to 10−5 mol·m−3·s−1 to simulate hydrate formation in a different location of Hydrate Ridge. These
rates are orders of magnitude lower than those predicted by equation (3) (Figure 3: solid black line), suggest-
ing that the traditional kinetic model does not capture the physical processes limiting hydrate formation in
geologic systems.

Our modeled reaction rate (Figure 3: solid green line) is lower than the kinetic model but also exceeds those
used in Torres et al. (2004) and Haeckel et al. (2004). Equation (2) provides insight into why this might be. A
larger grain diameter, a lower gas saturation, or a lower diffusion coefficient will decrease the hydrate for-
mation rate. In particular, the diffusion coefficient (Dm) that we constrained by experiments (1.3 × 10−13

m2/s) is higher than those observed in hydrate crystals (10−14 to 10−17 m2/s; Davies et al., 2010). Scanning
electron microscope images of hydrates reveal mesoporous structures, and the pores have been shown to fill
over time (Davies et al., 2010). We envision that over geological timescales, a lower diffusion coefficient may
be appropriate. A value ofDm equal to 10−16 m2/s (Figure 3: dotted blue line) results in a reaction rate similar
to that applied by Haeckel et al. (2004). In addition, hydrate systems formed over geological time may have a
lower gas saturation due to the lower applied gas fluxes. Finally, gas flow at southern Hydrate Ridge may
occur through hydraulic fractures (Daigle et al., 2011) with 1 mm apertures (Weinberger & Brown, 2006),
which would decrease Agw and RCH4 .

5. Summary and Conclusions

We presented an analytical model to describe hydrate formation in an advancing gas network through the
HSZ. In this model, hydrate formation is limited by the lateral methane diffusion through the hydrate shell
along the circumference of the gas network. This model captures core‐scale experimental observations and
has only a single fitting parameter: the diffusion coefficient of methane across the solid hydrate shell. The
solution illustrates how porous media properties and local saturations control hydrate formation rate.
Based on this concept, we further developed an analytical expression of the hydrate formation rate in a static
gas network that can be directly used by large‐scale numerical simulations. Compared with the traditional
kinetics model where hydrate formation is limited by diffusion of methane at the liquid crystal boundary,
our model predicts a hydrate formation rate much lower and closer to the field observations.
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Nomenclature

Symbol Name Dimension Unit
A cross‐sectional area of porous media (L2) (m2)
Ac channel cross‐sectional area (L2) (m2)
Agw volumetric gas‐water contact surface area (L2/L3) (m2/m3)
As reaction surface area (L2/L3) (m2/m3)
Cmg methane concentration in hydrate on gas side (M/L3) (kg/m3)
Cmw methane concentration in hydrate on water side (M/L3) (kg/m3)
Dm diffusion coefficient of methane in hydrate (L2/T) (m2/s)
fexp methane gas fugacity at experimental conditions (M · L−1 · T−2) (kg · m−1 · s−2 or Pa)
feq methane gas fugacity at equilibrium (M · L−1 · T−2) (kg · m−1 · s−2 or Pa)
k kinetic constant (MOL M · L−1 · T−2) (mol · kg−1 · m−1 · s−2)
ks intrinsic permeability (L−2) (m−2 or D)
Lf macroscopic invasion length (L) (m)
Lh hydrate shell thickness (L) (m)
Mm molecular weight of methane (M/MOL) (kg/mol)
n porosity (‐) (‐)
P experimental pressure (M·L−1·T−2) (kg · m−1 · s−2 or Pa)
Pc channel perimeter (L) (m)
Qc gas mass flow rate (M/T) (kg/s)
qd diffusive gas mass flux (M · L−2 · T−1) (kg · m−2 · s−1)
rgrain average grain radius (L) (m)
RCH4 methane consumption rate (MOL · L−3 · T−1) (mol · s−1 · m−3)
Sg gas saturation (‐) (‐)
Sh hydrate saturation (‐) (‐)
t time (T) (s)
tf time hydrate‐water interface reaches location x (L) (m)
T experimental temperature (‐) (°C)
Ug applied gas flux (M · L−2 · T−1) (kg · m−2 · s−1)
Vh volume of hydrate (L3) (m3)
Vg volumetric volume of a gas network (L3/L3) (m3/m3)
ρg gas phase density (M/L3) (kg/m3)
ρh hydrate density (M/L3) (kg/m3)
x distance along channel (L) (m)
xf hydrate‐water interface location at time t (L) (m)
Xconv mass conversion ratio (‐) (‐)

Xm
h mass fraction of methane in hydrate (‐) (‐)

β dimensionless time (‐) (‐)
σc gas channel distribution density (L−2) (m2)
τ tortuosity (‐) (‐)

Appendix A.

A.1. Development of Gas Network With Hydrate Growth on Edges

The model consists of a bundle of gas channels of average cross‐sectional area (Ac, m
2) and perimeter (Pc, m)

per unit length. The mass flow rate (Qc, kg/s) in a single channel is given by

Qc ¼
ρgUg

σcA
; (A1)

where ρg is the density of gas (kg/m
3), Ug is the applied gas volumetric flow rate (m3/s), A is the area of the

whole core (m2), and σc is the number of channels per unit area in the porous medium (m−2).

As methane is injected at this constant rate, the gas channel grows in the x direction with the front position
at xf(t), and some of the methane diffuses laterally into the water phase where it reacts with the water to form
hydrate (see Figure 1). Mass balance gives
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Qc ¼ ρgAc
dxf
dt

þ ∫
xf
0 Pcqd x; tð Þdx; (A2)

where qd(x,t) is the diffusive methane mass flux (kg·m−2·s−1) at position x (m) and time t (s). We assume that
the methane immediately forms hydrate when it comes in contact with the water phase. This hydrate forms
a layer, and additional hydrate can only be made after the methane diffuses from the gas‐hydrate interface to
the hydrate‐water interface. We assume a Fickian diffusion of the methane,

qd x; tð Þ ¼ −
Dm Cmg−Cmw

� �
Lh x; tð Þ ; (A3)

where Dm is the methane diffusion constant in the hydrate (m2/s), Lh is the thickness of the hydrate layer
(m), and Cmg and Cmw are the methane concentration in methane hydrate (kg/m3) in contact with free
gas and liquid water, respectively, which is a function of the cage occupancy (Fu et al., 2018).

As the gas diffuses, the thickness of the hydrate grows due to lateral mass conservation as a function of the
mass fraction of methane in hydrate (Xm

h ), assuming full cage occupancy, and the density of methane hydrate
(ρh, kg/m

3):

ρgX
m
h
dLh
dt

¼ qd: (A4)

Equations (A2) and (A3) can be integrated with the initial condition of Lh(xf, t) = 0 (the hydrate thickness
starts at 0 when the front appears) to give

qd x; tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ρgX

m
h Dm Cmg−Cmw

� �
t−tf xð Þ� �

s
; (A5)

where tf(x) is the inverse of xf(t) or, in other words, the time at which the front reaches position x.

A similar balance equation has been proposed for problems in hydraulic fracturing (Howard & Fast, 1957)
and thermal flooding (Lake, 1989; Marx & Langenheim, 1959). The solution for the front position is

xf tð Þ ¼ Qc

ρgAc

t

β2
exp β2

� �
erfc βð Þ þ 2ffiffiffi

π
p β−1

� �
; (A6)

where β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρhX

m
h Dm Cmg−Cmwð Þ Pc=Acð Þ2πt

2ρg2

r
, representing a dimensionless time that relates the diffusive flux

(hydrate creating flux) to the advecting flux (that produces longer gas channels).

The conversion ratio (Xconv) can be found independently as a function of the dimensionless time:

Xconv tð Þ ¼ Mh

Minj
¼ Minj−Mg

Minj
¼ 1−

Acxf tð Þ
Qct

¼ 1−
exp β2

� �
erfc βð Þ þ 2ffiffiffi

π
p β−1

h i
β2

: (A7)

As such, the hydrate volume (Vh, m
3) can be calculated by

Vh ¼
Ugρgt
Xm

h ρh
1−

exp β2
� �

erfc βð Þ þ 2ffiffiffi
π

p β−1
h i

β2

2
4

3
5: (A8)

In the invaded region, the gas channel area and areal density can be related to the gas saturation through

Sg ¼ τσcAc

n
; (A9)

where n is the porosity and τ is the tortuosity, which is equal to the ratio of the length of the channel in the
porous medium (xf) to the macroscopic invasion length (Lf). Meyer, Flemings, and Dicarlo (2018) found
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experimentally that the gas saturation is constant with time. The macroscopic invasion length can be calcu-
lated as

Lf tð Þ ¼ Ug

AnSg

t

β2
exp β2

� �
erfc βð Þ þ 2ffiffiffi

π
p β−1

� �
: (A10)

The hydrate saturation in the gas invaded region can be calculated by

Sh ¼ Vh

ALf n
: (A11)

Note that parameters that are difficult to measure, such as the channel area, the channel areal density, and
the tortuosity, cancel out and do not affect the predicted front advancement.
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