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Widespread seafloor methane venting has been reported in many
regions of the world oceans in the past decade. Identifying and
quantifying where and how much methane is being released into
the ocean remains a major challenge and a critical gap in assessing
the global carbon budget and predicting future climate [C. Ruppel,
J. D. Kessler. Rev. Geophys. 55, 126-168 (2017)]. Methane hydrate
(CH4 - 5.75H,0) is an ice-like solid that forms from methane-
water mixture under elevated-pressure and low-temperature con-
ditions typical of the deep marine settings (>>600-m depth), often
referred to as the hydrate stability zone (HSZ). Wide-ranging
field evidence indicates that methane seepage often coexists
with hydrate-bearing sediments within the HSZ, suggesting that
hydrate formation may play an important role during the gas-
migration process. At a depth that is too shallow for hydrate
formation, existing theories suggest that gas migration occurs
via capillary invasion and/or initiation and propagation of frac-
tures (Fig. 1). Within the HSZ, however, a theoretical mechanism
that addresses the way in which hydrate formation participates in
the gas-percolation process is missing. Here, we study, experimen-
tally and computationally, the mechanics of gas percolation under
hydrate-forming conditions. We uncover a phenomenon—crustal
fingering—and demonstrate how it may control methane-gas
migration in ocean sediments within the HSZ.
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plethora of field observations, including Hydrate Ridge

in the Cascadia margin (1-6), the Blake Ridge offshore
northeast US continental margin (7), Hikurangi margin offshore
New Zealand (8, 9), Vestnesa Ridge offshore west Svalbard
(10-14), and a few other locations (15-19), suggests that free-gas
methane venting can coexist with and persist within hydrate-
bearing formations. Such coexistence is found in nature over a
wide range of pressure, temperature, and compositional condi-
tions. Yet, hydrate equilibrium thermodynamics predicts three-
phase equilibrium only along the triple-point line (20, 21), which
prescribes a precise set of pressure, temperature, and compo-
sitional conditions that are likely rare occurrences in marine
settings. To explain the field observations, some argue that the
coexistence of free gas, saline water, and hydrates is a true
three-phase equilibrium facilitated by pore-scale effects, such
as capillarity (22), salinity (23), or thermal anomalies (24).
These effects modify the pressure (P) and temperature (7')
at the triple point, allowing for more common occurrence of
the three-phase coexistence. Others argue that the three-phase
coexistence is, in fact, a thermodynamic nonequilibrium sus-
tained by high rates of gas flux and slow kinetics of hydrate
formation, as supported by field-scale observations (5, 25-27)
and, more recently, by laboratory experiments at the core scale
(28-30) and pore scale (31-33), as well as multiphase flow mod-
eling (34-36). Despite much effort in understanding the problem
from a thermodynamic perspective, few have addressed the fluid-
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mechanics puzzle of how the formation of solid hydrate, instead
of clogging gas-migration pathways, can facilitate free gas flow in
porous media.

Here, we address these questions by investigating the flow
of hydrate-forming gas at the pore scale. We simplify the flow
geometry within a porous medium or a self-propagating frac-
ture to that of a Hele-Shaw cell, composed of two parallel plates
separated by a thin gap (SI Appendix, Fig. S14)—a classic and
commonly used experimental analog for Darcy flow (37-40).
Under hydrate-forming P, T conditions, we consider gas flow
that is driven by an imposed fluid-pressure gradient generated
by depressurization and gas compressibility, rather than buoy-
ancy (Materials and Methods). The above simplifications allow us
to focus on the two critical aspects of this problem: gas flow and
hydrate formation.

In a quiescent multiphase environment consisting of a single
gas bubble in a liquid water bath, we observed that the solidifi-
cation of hydrate occurs along the gas-liquid interface to form a
thin hydrate crust (Fig. 24 and Movie S1). This is analogous to
the formation of hydrate crust on free-rising gas bubbles in the
ocean (41) and offshore pipelines (42). Once the crust forms, the

Significance

Widespread seafloor methane venting has been reported in
many regions of the world oceans, challenging our current
estimate of global carbon budget. Yet, we still do not fully
understand the fundamental mechanisms by which methane
gas migrates through the deep marine sediments, feeding
these vents. A key challenge is the formation of methane
hydrate, an ice-like solid that forms from a methane-water
mixture under pressure and temperature conditions typi-
cal of deep marine settings. Here, we study the mechanics
of gas percolation under hydrate-forming conditions using
experiments and computational modeling. We uncover a
phenomenon, which we call crustal fingering, that helps
explain how, counterintuitively, hydrate formation may facili-
tate instead of prevent methane gas migration through deep
ocean sediments.

Author contributions: X.F, J.J.-M., T.P.N., JW.C,, L.C.-F, and R.J. designed research; X.F.,
JJ.-M., T.PN., JW.C,, and H.V. performed research; X.F. and J.J.-M. analyzed data; and
X.F, JJ.-M., JW.C, L.C.-F, and R.J. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.
Published under the PNAS license.

"X.F. and J.J.-M. contributed equally to this work.

2To whom correspondence may be addressed. Email: rubyfu@caltech.edu, juanes@
mit.edu, or joaquin.jimenez@eawag.ch.

This article contains supporting information online at https:/Aiwww.pnas.org/lookup/suppl/
doi:10.1073/pnas.2011064117/-/DCSupplemental.

First published November 30, 2020.

www.pnas.org/cgi/doi/10.1073/pnas.2011064117


http://orcid.org/0000-0001-7120-704X
http://orcid.org/0000-0002-2063-6490
http://orcid.org/0000-0001-8488-2925
http://orcid.org/0000-0002-1178-9647
http://orcid.org/0000-0002-7370-2332
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011064117/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2011064117/video-1
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:rubyfu@caltech.edu
mailto:juanes@mit.edu
mailto:juanes@mit.edu
mailto:joaquin.jimenez@eawag.ch
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011064117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011064117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2011064117
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2011064117&domain=pdf

Downloaded at MIT LIBRARIES on January 5, 2021

seawater
capillary invasion
<
----------------------------------------------- E D
Hydrate o
stability|
zone < ]

i crustal fingering

Fig. 1. Methane-gas migration through shallow marine environment and
the hydrate stability zone. Shown is a representation of a methane-rich gas
reservoir (black) feeding the upward migration of methane gas through
the seafloor sediments (gray) into the ocean-water column (blue), form-
ing seafloor methane seeps (bubbly plume). The methane HSZ on earth is
approximately 600 to 1,400 m below the ocean surface. (Upper Insets) Two
primary modes of gas migration in shallow sediments are 1) capillary inva-
sion in a rigid-like sediment, where gas pressure overcomes capillary force
to move between sediment pores, and 2) fracturing, where gas pressure is
sufficient to mobilize sediment grains to initiate and propagate fractures.
(Lower Inset) A mode of methane-gas migration within the HSZ proposed
in this work: crustal fingering.

extremely slow diffusion of water and methane within hydrate
hinders its continued growth (43-45). As a result, the interfacial
hydrate grows to a finite thickness within the time scale of the
experiment (Fig. 24) and serves as a transport barrier for further
exchange across the interface (34, 46).

As we induce gas flow through depressurization at a constant
rate (SI Appendix), the interfacial hydrate crust serves not only
as a transport barrier, but also as a flow resistor. Inspection of
the experiment (Fig. 2C and Movie S2) suggests that three pri-
mary mechanisms control the observed gas-migration pattern
(Fig. 2B): crust rupturing, gas flow, and crust formation. Because
the hydrate crust is rigid, it takes a threshold pressure across
the hydrate layer before it ruptures at a point and releases the
entrapped gas. Crust rupturing occurs repeatedly and intermit-
tently during the experiments (Fig. 2C, magenta circles; see also
refs. 29 and 30) and is likely controlled by the local pressure dif-
ference and crust tensile strength (47-50). The location of the
thinnest crust corresponds to weaker tensile strength and, thus,
is more prone to rupture. Due to the subcooling effect on hydrate
growth rate (33), crust that forms later in the experiment grows
more slowly and, thus, appears thinner (SI Appendix, Fig. S3).
Once the gas breaks through, its continued flow creates addi-
tional gas-liquid interface, promoting the formation of hydrate
at the interface. The gas finger continues its movement until
a combination of reduced driving pressure and thickened crust
fully arrests its flow, at which point the crust ruptures at a dif-
ferent location to give birth to a new fingering branch. Under
these coupled processes, the displacement of gas into liquid
does not follow that of typical two-phase flow through fractures
and porous media [e.g., viscous fingering or stable displacement
(38)]. A new pattern of gas percolation emerges, where contin-
uous gas flow modulated by the spontaneous interfacial hydrate
formation leads to the evolution of crustal gas fingers, or crustal
fingering (Fig. 2C).

We describe the key observations of the experiments using
a phase-field model (Materials and Methods and SI Appendix),
which incorporates the primary mechanisms of gas flow and
crust formation and captures the crustal fingering pattern qual-
itatively (Fig. 34 and Movie S3). The rate of depressurization
or gas flow, Qoutet, €nters through the mass conservation equa-
tion as a boundary condition. The rate of hydrate formation
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R, which is determined by local thermodynamic forcing such
as subcooling, is imposed in our model. A larger R, corre-
sponds to a stronger subcooling and a faster rate of hydrate
crust formation (33) (SI Appendix, Fig. S3). Our model does not
describe the mechanics of crust rupturing, and we do not include
thermal or salinity effects in the thermodynamic component
of the model.

Additional simulations with our model suggest that, once
the crust ruptures, the competition between local gas-flow rate
(imposed by Qoutiet) and crust-formation rate (controlled by R;)
is crucial in determining the pattern and dynamics of gas migra-
tion (Fig. 3B). When hydrate forms significantly faster than gas
flows, the crust can fully arrest gas flow (Fig. 3B, red outline)—a
scenario likely responsible for the clogging behavior observed in
gas conduits in the field (51, 52) and intermittent flow dynamics
observed in core-scale experiments (29, 30). When hydrate does
not form, our model recovers stable gas expansion expected for
regular gas bubbles (Fig. 3B, blue outline). The rest of the phase
diagram suggests a wide range of conditions that allow for contin-
uous gas displacement in the form of a single meandering crustal
finger (Fig. 3, yellow outline) or multiple fingering branches
(Fig. 3B, green outline). These crustal fingers serve as prefer-
ential pathways that facilitate gas flow. Additional experiments
under different depressurization rates (Fig. 3C) and simulations
(Fig. 3B, R, = 1/0.8) both suggest that crustal finger width is reg-
ulated by the imposed flow rate: A higher flow rate leads to wider
finger channels.

The rich dynamics of crustal fingering provides clues to under-
stand gas migration within the hydrate stability zone (HSZ):
When the local gas-flow rate is sufficiently high, hydrate forma-
tion does not necessarily clog fluid pathways, but, instead, can
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Fig. 2. Experimental observations of hydrate crust formation and crustal
fingering. (A) During a quiescent experiment, an initially smooth Xe bubble
surface becomes rougher as hydrate crust forms on the gas-liquid inter-
face. (B) Three primary mechanisms that control crustal fingering dynamics.
(C) Snapshots during a depressurization experiment at 0.5 MPa/min (that
induces expansion and gas flow). The magenta circles mark locations of crust
rupturing, which do not always coincide with the front of the gas finger
because the entire length of the crust is susceptible to break.
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Fig. 3. Meandering dynamics and pattern formation of crustal fingering. (A) Simulation snapshots showing gas (black) fingers into the ambient liquid (dark
gray) while encrusted by a layer of hydrate (white). (4, Right) Experimental snapshots showing similar meandering behavior of a hydrate-crusted gas finger
(depressurizing at 0.5 MPa/min). Note the experimental images are from the same experiment shown in Fig. 2 and have been rotated 90° clockwise. (B)
Phase diagram of gas-migration behavior illustrated by simulated patterns at t = 24 for a gas bubble expanding in a square domain under various Qqtjet and
Rs. Rs = 0 corresponds to simulations where hydrate does not form. (C) Snapshots from three experiments with different depressurization rates. The dashed
red circles mark the original gas bubbles, outside of which crustal fingers are formed during depressurization. The finger width decreases with decreasing

depressurization rate.

form hydrate-encrusted channel that facilitates gas flow. Such
insight informs our understanding of the temporal variability
and spatial organization of subsurface gas migration at the field
scale. To illustrate this, we simulated field-scale gas migration
fueled by periodic recharge events below the Bottom Simulating
Reflector (81 Appendix, Fig. S4). We considered that gas is sup-
plied by a deep source (53) with periodic recharge episodes
and parameterize its dynamics by its recharge frequency (f) and
episode strength (@) (Fig. 44). We assumed a uniform sed-
iment permeability and did not consider preexisting faults or
fractures that could dominate flow pathways. To our surprise,
we found that coupling time-varying gas flow with concurrent
hydrate solidification is sufficient to recover several hydrate-
derived features commonly observed in the field (Fig. 4 B and
C and Movie S4). When recharge episodes are strong (Fig. 4 B
and C, Upper), our model predicts the formation of vertical and
hydrate-walled gas conduits (10, 52, 54, 55) that sometimes ter-
minate before reaching the seafloor (8, 9). The spatial density
of conduits appears to decrease with decreasing recharge fre-
quency. When recharge episodes are weak and infrequent (Fig. 4
B and C, Left Lower), upward gas flow becomes completely
arrested to form hydrate-crusted gas pockets (56). However,
when recharge episodes are weak, but frequent (Fig. 4 B and
C, Right Lower), the interactions among conduits become highly
nonlinear and form complex patterns. The subsurface hydrate
fabric becomes multitextured, consisting of vertical conduits, lat-
eral conduits, gas pockets, and clogged conduits, as has been
observed in the field (8, 9). During these complex interactions,
it is the availability of local gas pressure that determines whether
a conduit will sustain its upward growth, divert laterally, or
terminate.

In the current study, we do not consider the mechanical inter-
actions among the fluids, solid hydrates, and sediment grains
and how they may affect gas migration. In particular, as fluid-
driven fracturing is a prevalent mode of gas transport in soft
sediments (56-59) and often concurs with hydrate growth (9,
28, 54), one would need to model both the fracturing (60-63)
and the crustal fingering process to fully resolve the fluid—grain
mechanics at the pore scale. Therefore, our model does not
directly address the open question of what determines the dom-
inant modes of hydrate occurrence within sediments at the core
scale (64). Nevertheless, our mechanistic description of crustal
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fingering provides a crucial fluid-mechanics piece to decipher
the puzzle of how methane gas migrates through the hydrate
stability zone (Fig. 1) and offers an alternative to existing the-
ories of gas migration (36). In addition, while it is commonly
accepted that most marine hydrates on Earth have formed out
of dissolved methane that has previously migrated in place or
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Fig. 4. Subsurface hydrate fabric as shaped by crustal fingering processes.
(A) Time series of imposed gas flux at the bottom boundary, representing
infrequent (Left) and frequent (Right) recharging. (B) Simulation snap-
shot at t=105 for different recharge frequencies (Left and Right) and
for strong (Upper) and weak (Lower) recharge episodes. BSR, Bottom Sim-
ulating Reflector. (C) Different types of hydrate-derived features evolve,
depending on different styles of recharge dynamics.
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generated in situ biogenically (36, 65), our work suggests that,
at the geologic field scale, some of the subsurface hydrate fab-
ric we observe today could be a record of the dynamic history of
deep-sea methane venting coupled with the formation of hydrate
along the gas-migration pathways within the marine sediments
over long periods of time (5). The theoretical framework we pro-
pose (Fig. 4), although lacking details of geologic features (e.g.,
faults or preferential pathways), can be a good starting point
to connect the increasing amount of seafloor data on methane-
venting dynamics (6, 17, 66) with geophysical constraints on the
subsurface hydrate-derived plumbing structure (8-10, 26, 55, 67)
to answer the question of where and how much methane is
being released into the ocean through these naturally occurring
methane seeps (68).

Materials and Methods

Laboratory Experiments. We conducted experiments using a high-pressure
microfluidic device developed at Los Alamos National Laboratory (69). The
microfluidic Hele-Shaw cell (S/ Appendix, Fig. S1A) was made of two par-
allel glass plates with dimensions 14 mm x14 mm and a gap thickness
of 1 mm. The entire cell was sealed off and pressurized within a high-
pressure flow loop maintained at a constant temperature of 25 °C. We
imaged the experiments using a charge-coupled device camera (Olympus
DP72), which recorded the experiments through a microscope (Olympus
MVX10) positioned in front of the viewing window of the high-pressure
device. We adopted xenon (Xe) and water (H,0) as the experimental ana-
logue to the methane hydrates system. This choice was made for the
following reasons: 1) Xe hydrates form at more easily accessible exper-
imental conditions; 2) both Xe and methane form structure | hydrate
up to 1.8 GPa, which is the most common structure observed in nature;
and 3) Xe-water and methane-water system exhibit similar thermody-
namic phase behaviors (46). We are not aware of studies that report
the mechanical properties (e.g., tensile strength) of Xe hydrate. How-
ever, based on similar studies of CO, hydrate (48), we speculate that Xe
hydrates and CH,4 hydrates are mechanically similar. Any difference in their
mechanical properties will not fundamentally change the primary mech-
anisms that make up crustal fingering—crust rupture, gas flow, and new
crust growth.

There were two ports that controlled fluid input to and output from the
cell. To prepare the experiments, we first injected deionized water through
the water port to fill the entire gap at ambient pressure. Then, a bub-
ble of Xe gas was introduced into the water bath through the Xe port.
Next, in order to pressurize the system to hydrate-forming conditions (P =
7.5 MPa and T = 25 °(), we closed off the water port while keeping the
Xe gas bubble connected to a pressure-valve-controlled Xe gas supply. This
ensured that the gas phase could be readily replenished and stay pressur-
ized instead of dissolving into water at a higher pressure. We kept the
system pressurize at P = 7.5 MPa and obtained visual confirmation that a
hydrate shell had formed along the gas-liquid interface (Movie S1). Once
the hydrate-crusted gas bubble was established, we induced gas flow in
the domain by depressurizing the entire cell via fluid withdrawal from the
water port. Prior to depressurization, we closed off the Xe port to ensure
that no additional gas would be introduced into the system. We imposed
a constant rate of depressurization (0.02, 0.5, and 2 MPa/min) at the
water port.

In SI Appendix, we provide additional details on the validation of solid
hydrate formation in the experiments, as well as a discussion on the effects
of subcooling on the crustal fingering process.
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Phase-Field Modeling. We develop a continuum-scale phase-field model to
study gas-liquid-hydrate systems far from thermodynamic equilibrium (34).

In this model, we tracked the volumetric fractions of fluid/solid phases
(), as well as the pointwise mole fraction of Xe (x). We started by
designing a simplified Gibbs free energy (F) for the three phases (gas, lig-
uid, and hydrate) as a function of x and temperature (T) (S/ Appendix).
The proposed free energy F was incorporated into a phase-field model
to study the nonequilibrium thermodynamics of the three-phase system.
The evolution of the system variables (x and ¢,) was driven by poten-
tials ¥, which are variational derivatives of F. To describe the evolution
dynamics, we start by imposing mass conservation of the total mixture (Xe
plus water):

Op

8tJrV~(pu):0. [11

Additionally, we prescribe the conservation of mass of Xe using a Cahn-
Hilliard-type equation for x:

9,

X4V - (oxw) = RV - (D60 oV W) =0. 21
We complete the system with a nonconserved Allen—-Cahn evolution
equation for ¢,, in an advective form:

O¢a
ot

+U-Vo+RyT, =0. [3]

The evolution equations are then coupled with a simplified description for
three-phase Hele-Shaw flow (70):

u(x, y) = Vp. [4]

_ Kk
11(bg, b1r b5)

The full details of the model are provided in S/ Appendix.

Numerical Simulations. We discretized all of the equations using finite ele-
ments and adopted a two-step segregated solution strategy to solve the
system of equations. In step one, the system of four constrained partial dif-
ferential equations in Eqgs. 2 and 3 were solved by using a monolithically
coupled implicit time integration scheme. In step 2, the pressure problem,
as prescribed by Eg. 4 and Eq. 1, was solved implicitly by using updated
phase solutions from step 1. Time steps were determined dynamically to
ensure stability and convergence. Additional details on the laboratory-scale
and field-scale simulations are provided in S/ Appendix.

Data Availability. All study data are included in the article and S/ Appendix.

ACKNOWLEDGMENTS. We thank Carolyn Ruppel and William Waite from
the US Geological Survey; Peter Flemings, Kehua You, and Dylan Meyer from
the University of Texas at Austin; Gareth Crutchley from GEOMAR Helmholtz
Centre for Ocean Research Kiel for insightful discussions; and David San-
tillan (Technical University of Madrid) and Ehsan Haghigat (MIT) for help
with the code development. This work was supported in part by the US
Department of Energy Grants DE-SC0018357 and DE-FE0013999. X.F. was
supported by the Miller Fellowship. J.J.-M. was supported by Swiss Federal
Institute of Aquatic Science and Technology and Guest Scientist status from
Los Alamos National Laboratory. J.J.-M., J.W.C,, T.P.N., and H.V. were sup-
ported by US Department of Energy Basic Energy Science Program Grant
LANLE3W!1. L.C.-F. was supported by Spanish Ministry of Economy and Com-
petitiveness Grants RYC-2012-11704 and CTM2014-54312-P. L.C.-F. and R.J.
were supported by MIT International Science and Technology Initiatives,
through a Seed Fund grant.

6. M. Riedel et al., Distributed natural gas venting offshore along the Cascadia margin.
Nat. Commun. 9, 3264 (2018).

7. A.R. Gorman et al., Migration of methane gas through the hydrate stability zone in
a low-flux hydrate province. Geology 30, 327-330 (2002).

8. S. Koch et al., Gas-controlled seafloor doming. Geology 43, 571-574 (2015).

9. M. Riedel et al, Elongate fluid flow structures: Stress control on gas
migration at Opouawe Bank, New Zealand. Mar. Petrol. Geol. 92, 913-931
(2018).

10. C.J. Petersen, S. Biinz, S. Hustoft, J. Mienert, D. Klaeschen, High-resolution P-Cable
3D seismic imaging of gas chimney structures in gas hydrated sediments of an Arctic
sediment drift. Mar. Petrol. Geol. 27, 1981-1994 (2010).

11. S. Bunz, S. Polyanov, S. Vadakkepuliyambatta, C. Consolaro, J. Mienert, Active
gas venting through hydrate-bearing sediments on the Vestnesa Ridge. Offshore
W-Svalbard. Mar. Geol. 332-334, 189-197 (2012).

PNAS | December 15,2020 | vol. 117 | no.50 | 31663

EARTH, ATMOSPHERIC,

AND PLANETARY SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011064117/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2011064117/video-1
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011064117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011064117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011064117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011064117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011064117/-/DCSupplemental

Downloaded at MIT LIBRARIES on January 5, 2021

20.
21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.
34.
35.
36.

37.
38.

39.
40.

41.

31664 |

. A.J. Smith, J. Mienert, S. Bunz, J. Greinert, Thermogenic methane injection via bub-

ble transport into the upper Arctic Ocean from the hydrate-charged Vestnesa Ridge.
Svalbard. Geochem. Geophys. Geosyst. 15, 1945-1959 (2014).

. A. Plaza-Faverola et al., Role of tectonic stress in seepage evolution along the

gas hydrate-charged Vestnesa Ridge, Fram Strait. Geophys. Res. Lett. 42, 733-742
(2015).

. A. Plaza-Faverola et al., Bottom-simulating reflector dynamics at Arctic thermogenic

gas provinces: An example from Vestnesa Ridge, offshore west Svalbard. J. Geophys.
Res. Solid Earth 122, 4089-4105 (2017).

. N. Shakhova et al., Extensive methane venting to the atmosphere from sediments of

the East Siberian Arctic Shelf. Science 327, 1246-50 (2010).

. N. Shakhova et al., Ebullition and storm-induced methane release from the East

Siberian Arctic Shelf. Nat. Geosci. 7, 64-70 (2014).

. A. Skarke, C. Ruppel, M. Kodis, D. Brothers, E. Lobecker, Widespread methane leak-

age from the sea floor on the northern US Atlantic margin. Nat. Geosci. 7, 657-661
(2014).

. C. Berndt et al., Temporal constraints on hydrate-controlled methane seepage off

Svalbard. Science 343, 284-288 (2014).

. J. Knies et al., Modelling persistent methane seepage offshore western Svalbard since

early Pleistocene. Mar. Petrol. Geol. 91, 800-811 (2018).

E. D. Sloan, C. A. Koh, Clathrate Hydrates of Natural Gases (CRC Press, Boca Raton, FL,
ed. 3, 2008).

E. D. Sloan, C. A. Koh, A. K. Sum, Gas hydrate stability and sampling: The future as
related to the phase diagram. Energies 3, 1991-2000 (2010).

M. B. Clennell, M. Hovland, J. S. Booth, P. Henry, W. J. Winters, formation of natural
gas hydrates in marine sediments: 1. Conceptual model of gas hydrate growth con-
ditioned by host sediment properties. J. Geophys. Res. Solid Earth 104, 22985-23003
(1999).

X. Liu, P.B. Flemings, Passing gas through the hydrate stability zone at southern
Hydrate Ridge, offshore Oregon. Earth Planet Sci. Lett. 241, 211-226 (2006).

I. A. Pecher et al., A fluid pulse on the Hikurangi subduction margin: Evidence from a
heat flux transect across the upper limit of gas hydrate stability. Geophys. Res. Lett.
44, 12,385-12,395 (2017).

W. Xu, C. Ruppel, Predicting the occurrence, distribution, and evolution of methane
gas hydrate in porous marine sediments. J. Geophys. Res. Solid Earth 104, 5081-5095
(1999).

A. M. Tréhu et al., Feeding methane vents and gas hydrate deposits at south Hydrate
Ridge. Geophys. Res. Lett. 31, L23310 (2004).

M. Torres et al., Gas hydrate growth, methane transport, and chloride enrichment at
the southern summit of Hydrate Ridge, Cascadia margin off Oregon. Earth Planet Sci.
Lett. 226, L23310 (2004).

L. Lei, J. C. Santamarina, Laboratory strategies for hydrate formation in fine-grained
sediments. J. Geophys. Res. Solid Earth 123, 2583-2596 (2018).

D. W. Meyer et al., Experimental investigation of gas flow and hydrate formation
within the hydrate stability zone. J. Geophys. Res. Solid Earth 123, 5350-5371 (2018).
D. W. Meyer, P.B. Flemings, D. DiCarlo, Effect of gas flow rate on hydrate forma-
tion within the hydrate stability zone. J. Geophys. Res. Solid Earth 123, 6263-6276
(2018).

M. Chaouachi et al., Microstructural evolution of gas hydrates in sedimentary matri-
ces observed with synchrotron X-ray computed tomographic microscopy. Geochem.
Geophys. Geosyst. 16, 1711-1722 (2015).

S. K. Sahoo et al., Laboratory insights into the effect of sediment-hosted methane
hydrate morphology on elastic wave velocity from time-lapse 4D synchrotron X-ray
computed tomography. Geochem. Geophys. Geosyst. 19, 4502-4521 (2018).

A. Touil, D. Broseta, A. Desmedt, Gas hydrate crystallization in thin glass capillaries:
Roles of supercooling and wettability. Langmuir 35, 12569-12581 (2019).

X. Fu, L. Cueto-Felgueroso, R. Juanes, Nonequilibrium thermodynamics of hydrate
growth on a gas a liquid interface. Phys. Rev. Lett. 120, 144501 (2018).

D. W. Meyer, P.B. Flemings, K. You, D. A. DiCarlo, Gas flow by invasion percolation
through the hydrate stability zone. Geophys. Res. Lett. 47, €2019GL084380 (2020).

K. You, P. B. Flemings, A. Malinverno, T. S. Collett, K. Darnell, Mechanisms of methane
hydrate formation in geological systems. Rev. Geophys. 57, 1146-1196 (2019).

H. Hele-Shaw, The flow of water. Nature 58, 34-36 (1898).

G. M. Homsy, Viscous fingering in porous media. Annu. Rev. Fluid Mech. 19, 271-311
(1987).

B. Sandnes, E. G. Flekkgy, H. A. Knudsen, K. J. Malgy, H. See, Patterns and flow in
frictional fluid dynamics. Nat. Commun. 2, 288 (2011).

T. T. Al-Housseiny, P. A. Tsai, H. A. Stone, Control of interfacial instabilities using flow
geometry. Nat. Phys. 8, 747-750 (2012).

R. P. Warzinski et al., Dynamic morphology of gas hydrate on a methane bubble in
water: Observations and new insights for hydrate film models. Geophys. Res. Lett. 41,
6841-6847 (2014).

www.pnas.org/cgi/doi/10.1073/pnas.2011064117

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

. Z. M. Aman, C. A. Koh, Interfacial phenomena in gas hydrate systems. Chem. Soc. Rev.
45, 1678-1690 (2016).

Y. Abe, X. Ma, T. Yanai, K. Yamane, Development of formation and growth models of
CO; hydrate film. AIChE J. 62, 4078-4089 (2016).

B. Kvamme, A. Svandal, T. Buanes, T. Kuznetsova, “Phase field approaches to the
kinetic modeling of hydrate phase transitions” in Natural Gas Hydrates—Energy
Resource Potential and Associated Geologic Hazards, T. Collett, A. Johnson, C. Knapp,
R. Boswell, Eds. (AAPG Memoir, American Association of Petroleum Geologists, Tulsa,
OK, 2009), vol. 89, pp. 758-769.

C. J. Taylor, K. T. Miller, C. A. Koh, E. D. Sloan, Macroscopic investigation of hydrate
film growth at the hydrocarbon/water interface. Chem. Eng. Sci. 62, 6524-6533
(2007).

X. Fu, W. F. Waite, L. Cueto-Felgueroso, R. Juanes, Xenon hydrate as an analogue of
methane hydrate in geologic systems out of thermodynamic equilibrium. Geochem.
Geophys. Geosyst. 20, 2462-2472 (2019).

S.R. Davies, E. D. Sloan, A. K. Sum, C. A. Koh, In situ studies of the mass transfer
mechanism across a methane hydrate film using high-resolution confocal Raman
spectroscopy. J. Phys. Chem. C 114, 1173-1180 (2010).

J.W. Jung, J. C. Santamarina, Hydrate adhesive and tensile strengths. Geochem.
Geophys. Geosyst. 12, 1-9 (2011).

J. Wu et al., Mechanical instability of monocrystalline and polycrystalline methane
hydrates. Nat. Commun. 6, 8743 (2015).

D. Atig, D. Broseta, J. M. Pereira, R. Brown, Contactless probing of polycrystalline
methane hydrate at pore scale suggests weaker tensile properties than thought. Nat.
Commun. 11, 3379 (2020).

A. V. Egorov, P.P. Shirshov, K. Crane, P.R. Vogt, A. N. Rozhkov, Gas hydrates that
outcrop on the sea floor: Stability models. Geo Mar. Lett. 19, 68-75 (1999).

N. L. B. Bangs, M. J. Hornbach, C. Berndt, The mechanics of intermittent methane
venting at South Hydrate Ridge inferred from 4D seismic surveying. Earth Planet Sci.
Lett. 310, 105-112 (2011).

J. Nimblett, C. Ruppel, Permeability evolution during the formation of gas hydrates
in marine sediments. J. Geophys. Res. Solid Earth 108, 2420 (2003).

M. Riedel et al., Geophysical and geochemical signatures associated with gas hydrate
related venting in the northern Cascadia margin. Geol. Soc. Am. Bull. 118, 23-38
(2006).

A. Plaza-Faverola, S. Buinz, J. Mienert, The free gas zone beneath gas hydrate bearing
sediments and its link to fluid flow: 3-D seismic imaging offshore mid-Norway. Mar.
Geol. 291-294, 211-226 (2012).

M. J. Hornbach, D. M. Saffer, W. S. Holbrook, Critically pressured free-gas reservoirs
below gas-hydrate provinces. Nature 427, 142-144 (2004).

P. B. Flemings, X. Liu, W. J. Winters, Critical pressure and multiphase flow in Blake
Ridge gas hydrates. Geology 31, 1057 (2003).

B. P. Boudreau et al., Bubble growth and rise in soft sediments. Geology 33, 517
(2005).

B. P. Scandella, K. Delwiche, H. F. Hemond, R. Juanes, Persistence of bubble outlets
in soft, methane-generating sediments. J. Geophys. Res. Biogeosci. 122, 1298-1320
(2017).

A. K. Jain, R. Juanes, Preferential mode of gas invasion in sediments: Grain-scale
mechanistic model of coupled multiphase fluid flow and sediment mechanics. J.
Geophys. Res. Solid Earth 114, B08101 (2009).

R. Holtzman, M. L. Szulczewski, R. Juanes, Capillary fracturing in granular media.
Phys. Rev. Lett. 108, 264504 (2012).

Z.Sun, J. C. Santamarina, Grain-displacive gas migration in fine-grained sediments. J.
Geophys. Res. Solid Earth 124, 2274-2285 (2019).

Y. Meng, B. K. Primkulov, Z. Yang, C.Y. Kwok, R. Juanes, Jamming transition and
emergence of fracturing in wet granular media. Phys. Rev. Res. 2, 022012 (2020).

W. F. Waite et al., Physical properties of hydrate-bearing sediments. Rev. Geophys. 47,
RG4003 (2009).

C. D. Ruppel, W. F. Waite, Timescales and processes of methane hydrate formation
and breakdown, with application to geologic systems. J. Geophys. Res. Solid Earth
125, e2018JB016459 (2020).

B. Wang, S. Socolofsky, J. Breier, J. Seewald, Observations of bubbles in natural seep
flares at MC 118 and GC 600 using in situ quantitative imaging. J. Geophys. Res.
Oceans 121, 2203-2230 (2016).

K. Andreassen et al., Massive blow-out craters formed by hydrate-controlled methane
expulsion from the Arctic seafloor. Science 356, 948-953 (2017).

C. Ruppel, J. D. Kessler, The interaction of climate change and methane hydrates. Rev.
Geophys. 55, 126-168 (2017).

M. L. Porter et al., Geo-material microfluidics at reservoir conditions for subsurface
energy resource applications. Lab Chip 15, 4044-4053 (2015).

L. Cueto-Felgueroso, R. Juanes, A phase-field model of two-phase Hele-Shaw flow. J.
Fluid Mech. 758, 522-552 (2014).

Fu et al.


https://www.pnas.org/cgi/doi/10.1073/pnas.2011064117

PNAS

WWW.pNas.org

Supplementary Information for

Crustal fingering facilitates free-gas methane migration through the hydrate stability zone

Xiaojing Fu, Joaquin Jimenez-Martinez, et al.

This PDF file includes:

Supplementary text

Figs. S1 to S7

Table S1

Captions for Movies S1 to S4
References for SI reference citations

Other supplementary materials for this manuscript include the following:
Movies S1 to S4

Xiaojing Fu, Joaquin Jimenez-Martinez, et al. 10f13
www.pnas.org/cgi/doi/10.1073/pnas.2011064117



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46
47

48

Supporting Information Text
Laboratory experiments

Observation of solid crust formation. During the depressurization phase, direct visualization of newly formed hydrate crust
becomes challenging, but is apparent in certain regions where the gas-liquid interface appears rough. In addition, the formation
of solid hydrate crust can be inferred indirectly. If solid hydrate formation does not take place, then the expansion of the
single gas bubble is expected to be stable and uniform, analogous to that of balloon inflation. However, during the controlled
depressurization, we do not observe stable expansion of gas into water (Fig. 2c¢). In fact, the gas volume remains unchanged for
a few minutes while pressure decreases, suggesting that the gas phase is initially trapped by the pre-existing hydrate crust.
The pressure difference between gas and liquid eventually builds up enough to rupture the hydrate crust (Fig. 2c, t =2.5min),
allowing gas to displace into the ambient liquid. The consequent displacement pattern is finger-like, suggesting that a solid
layer of hydrate along the gas-liquid interface is spontaneously forming and modulating the direction of gas flow.

Validation of hydrate formation. Here, we provide evidence that the observed solid that forms along gas fingers indeed represents
gas hydrates:

1. Control experiment with water and air bubble under the same condition (25°C, < 7.5MPa) does not show the
formation of a solid around the gas bubble;

2. Direct visual observation of hydrate dissociation. When the pressure is within the hydrate stability zone, the
roughness and jaggedness of the interface means that there is a solid forming (3, 4) (see also SI video 1 and Figure 2a).
Once the pressure exits the stability zone, we observe that solid hydrate dissociation is two-staged. During the first stage,
the solid crusts along fingers gradually disappear, showing hydrate melting into the surrounding liquid (Figure S2a). The
dissociated hydrate leaves behind water that is supersaturated with xenon. During the second stage, the supersaturated
solution undergoes spinodal decomposition, leading to exsolution of gas bubbles (Figure S2b).

Effect of subcooling on hydrate growth along the fingers. Subcooling (Teq-T) plays an important role on the rate of hydrate
growth and should control the pattern formation of crustal fingers. In particular, the rate of growth along the interface (Rs)
is positively linked to the subcooling with a power law behavior (3). In our experiments, Teq-T (the distance between the
red arrow and the blue phase boundary in Figure 1b) is not fixed as we depressurize. Rather, it decreases with time (and
pressure). Therefore, we should expect that crust that forms later in the experiment to grow slower and thus appears thinner.
We illustrate this in Figure S3, where we show experimental snapshots at two different subcoolings: ATy = 11°C' (at t = 280s)
and AT, ~ 5°C (at t ~ 1000s). As expected, the thickness of the crust along the fingering front appears to be thinner at AT5.

Phase-field modeling

We develop a continuum-scale phase-field model to study gas-liquid-hydrate systems far from thermodynamic equilibrium(5).
We denote by ¢, the volumetric fractions of phase a, where a = g, 1, s refers to the gas, liquid and hydrate phase, respectively.
At any given point in the continuum domain they satisfy: ¢4 + ¢ + ¢s = 1. The system is also characterized by the pointwise
mole fraction of CHy or Xe: x = Ncuy, or xe/(NcH, or Xe + NH,0)-

Free energy design. We start by designing a simplified version of the Gibbs free energy functional for the three phase as a
function of x and temperature (T'):

Jilx, T) =wmix{x log(x) — (1 — x) log(1 — a:;(T)x)

—xlog(1 —bi(1 —x)) + fiol, [1]
fa(x, T) =wmix{xlog(x) — (1 — x) log(1 — agx)

— xlog(1 = bg(T)(1 = x)) + feo}, (2]
Fs06 T) =wmix {as(T)(x — xs)* + bs(T) + fo0} [3]

where wmix [J/ cm3] is a characteristic energy density. We account for nonlinear temperature dependence of f, as suggested by
(6) for gas and liquid [Egs. Eq. (1)-Eq. (2)], and as suggested by the solidification literature (7-9) for the solid phase [Eq. Eq. (3)]:
ar = aw/(T/T.)?*, by = byo /(T/Te)?, as = aso(T/T.) and bs = bso(T/T.), where T. = 1K is the scaling temperature.

Under the phase-field framework, the fo’s are incorporated into the total free energy F(x, ¢»,T), which also considers the
energetic interactions between phases, and is composed of the bulk free energy fo and the interfacial energy (gradient squared
terms):

P /V [ &) + DT

+&(T)Vy - Vi + e (T)Vy - Vo
+ TV - Vi + €(T) V|

+E(T) Vi + ei(T)W(bsﬂ av. )
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A detailed description of fo in F' and its parameters for CH4 and Xe hydrates can be found in (2, 5). By calibrating the
parameters in the above energy (CHy4 parameters reported in Extended Table S1), we can recover the isobaric temperature—
composition phase diagram predicted by existing thermodynamic equilibrium predictions (Fig.S4).

Evolution equations. The proposed free energy F' is incorporated into a phase-field model to study the nonequilibrium
thermodynamics of the three-phase system. The evolution of the system variables (x and ¢’s) is driven by potentials ¥, which
are variational derivatives of F"

oF oF
v, =——— — [
X ax avx> [5]
oF oF
ql(f’a _a¢a - : av¢a7 Of—g,l,S. [6]

To describe the evolution dynamics, we start by imposing mass conservation of the total mixture (methane plus water):

ap -
a-ﬁ-v-(pu)—o. [7]
Additionally, we prescribe the conservation of mass of methane using a Cahn-Hilliard-type equation for x:
0
TN 4V - (pxu) — BV - (D({¢a})pV ) = 0. 8

We complete the system with a non-conserved Allen-Cahn evolution equation for ¢4 and ¢ in an advective form:

Opa
ot

Here, Ry is the effective rate of diffusion and D(¢) = ¢pgDg + ¢1Di + ¢psDs is a dimensionless mixture diffusion coefficient
(where Dy, D; and Dy are normalized by a characteristic gas-phase diffusion coefficient Dgas). We adopt Dy = 1, D; = 1072
and Ds = 107! (whose relative magnitudes are consistent with experimental measurements (10, 11) and emulate slow diffusion
in liquid and extremely slow diffusion within hydrate). Rg, in Eq. 9 is the rate of phase change for phase a. We assume
isothermal conditions in our model.

Multiphase Hele-Shaw flow. We assume that flow occurs predominantly parallel to the glass plates at low Reynolds number,
which allows us to simplify the flow description using the Hele-Shaw approximation (12). Instead of identifying and tracking
velocities within each phase, we assume a mixture velocity (at each point in the domain) that obeys Darcy’s law:

+u-Véa + Ry¥, = 0. 9]

—k
u@Y) = o e [10]

Gas compressibility is prescribed through a gas density that is linearly dependent on pressure. Here we simplify our
description of phase compressibility by imposing a linear pressure dependence in density for all three phases:

Pa = pao + i p. (11]

Finally, it is convenient for modeling to define a mixture density, which is the mass per volume at a given point in the domain.
Here we describe the mixture density as a ¢o-weighted average:

P = pip1+ pedy + Psbs. [12]

We model all three phases as fluid with a certain viscosity. Specifically, we assume that the hydrate phase is the most
viscous and gas the least viscous phase. We assume that the viscosities of all phases are independent of composition and
normalize the values by the liquid water viscosity ptwater SO that:

[ngl/M, 22 :17 s =M.
We define a mixture viscosity by blending the three viscosities by a phase-weighted average:

p({da}) = pwater(HgPg + it + psds), [13]

similar to what is done to diffusion coefficients in Eq. Eq. (8).
The hydrate phase is described as an extremely viscous fluid, whose viscosity also hardens (increases) with its age:

@ _, (, luk
dt¢S<T_ D)’ [14]

ps = Opuso. [15]

We introduce some variability in the hydrate growth rate along the initial gas-liquid interface, which creates a thinner
segment along the crust that is prone to be broken through.
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Numerical simulations

To understand how hydrate grows on a quiescent interface, we first perform a series of simulations in 1D. The left portion of
the domain is filled with gas and the other portion filled with gas-saturated liquid water (Fig. S5a). The model successfully
simulates the nucleation and growth of hydrate on the initially hydrate-free gas-liquid interface (Fig. S5b). By analyzing the
growth dynamics, we find that the parameter R controls the rate at which hydrate grows towards its finite thickness (Fig. S5b).
However, the nonequilibrium steady-state thickness of hydrate is independent of the rate of hydrate formation (Rs) (Fig. S5b).

A. Gas escaping from crusted bubble.. These simulations (Fig. 3a-b) are performed in a domain (rectangular or square)
initially filled with partially saturated liquid and a single gas bubble with pre-existing crust. The ambient liquid is withdrawn
from the upper left corner at a constant rate Qoutiet (Fig. S6a). After breaking away from the pre-existing crust, gas flows
within a single hydrate-crusted finger channel towards the fluid outlet (see Supplementary Video 3). The resistance to flow
provided by the crust allows for flow focusing within a thin channel. The meandering behavior of the gas finger is mainly due
to flow resistance by the crust. However, the imposed permeability heterogeneity (Fig. S6b) also plays a role in the randomness
of the pattern.

B. Field-scale simulations.. Assuming that the bottom simulating reflector (BSR)— the interface between an underlying
gas reservoir and its overlying sediments— is initially flat and a hydrate layer readily forms (Extended Fig .S7), we then
supply methane gas to the gas reservoir through periodic recharge events with an interval of 1/f and a maximum flow rate
of Qin (Fig. S6a). After each recharge events, we assume an exponential decay of reservoir pressure with time, and thus an
exponentially decaying profile for the gas flux at the bottom boundary. The BSR is seeded with seven locations that are prone
to gas breakthrough. This is achieved by assuming Rs = 0 at these locations so that hydrate does not form locally. In practice,
these could be local weak spots formed by hydrofracturing of the hydrate-bearing permeability seal (13), roughness of the BSR
(14) or coupled fluid flow and solid deformation that leads to decompaction weakening (15). The simulations can be viewed in
Supplementary Video 4.
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Fig. S1. Experimental setup. a, Birds eye view of the microfluidic flow cell with dimensions. The gap thickness is 1 mm. b, P-T phase diagram for Xe-H2O systems, indicating
coexistence of hydrate with supercritical Xe (1), hydrate with liquid Xe (Il), hydrate with gaseous Xe (lll) and liquid water with gaseous Xe (IV). The red arrow indicates the
trajectory imposed during experiments in the microfluidic cell.
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Fig. S2. Direct visual observation of gas hydrate dissociation in two stages of the experiment. Yellow numbers correspond to time sequence. (a) First stage: hydrate
crust melts into the surrounding liquid, creating an aqueous solution supersaturated in xenon; (b) second stage: the supersaturated solution undergoes spinodal decomposition,
creating many xenon gas bubbles (blue circles mark regions of gas exsolution).
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Fig. S3. (Left) P-T phase diagram for Xe-H2O systems. The red arrow indicates the trajectory imposed during our experiments in the microfluidic cell. The yellow horizontal
bars measure the subcooling at two different times during the experiment. (Right) The experimental snapshots corresponding to the two subcoolings in the left figure. Green
circles mark the fingering front at the time the images are taken.
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Fig. S4. Thermodynamic phase diagram. The isobaric phase diagram for CH4 and H2O calculated by (lefty CSMGem and (right) our model.
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Fig. S5. Hydrate growth on a quiescent interface. a, Diagram illustrating the interfacial hydrate growth problem. b, The thickness of interfacial hydrate as a function of time
for different growth rates (R ), calculated by 1D simulations of our model on the problem illustrated in a.
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Fig. S6. Setup for pore-scale simulations. a, In a square domain, the gas bubble is initially placed at the lower right corner and liquid withdrawn from the upper left corner. b,
Imposed heterogenous permeability field that introduces randomness to the meandering pattern.
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Fig. S7. Initial condition of the field-scale simulations. The bottom figure is the enlarged portion marked by the red dashed box in the top figure. In the bottom figure, the
yellow dashed circles indicate locations prone to gas breakthrough along the gas-water interface (BSR). These locations are artificially seeded by imposing locally a much lower
rate of hydrate formation (R ). A no-flow condition is imposed at the left and right boundaries. A constant pressure is imposed at the top boundary (sediment-water interface).

A periodic input gas flux is imposed uniformly along the bottom boundary.
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Table S1. Parameters used for Gibbs free energy calculations for methane and xenon systems.

P ag bgo fq0 ao by fio aso Xs bso fso
7.5MPa 0.1 —1 x 101° —6 —1 x 100 0.1 -2 6500 0.146  0.65 —63
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Movie S1. Supplementary video 1: Growth of hydrate crust on the gas-liquid interface of a bubble placed
within a Hele-Shaw cell.

Movie S2. Supplementary video 2: Experimental observation of crustal fingering.

Movie S3. Supplementary video 3: Comparison between experiments and simulations.

Movie S4. Supplementary video 4: Field-scale simulations illustrating formation of gas conduits and pockets.
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