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On the Importance of Advective Versus Diffusive Transport
in Controlling the Distribution of Methane Hydrate
in Heterogeneous Marine Sediments

Brandon P. VanderBeek'" > and Alan W. Rempel’

"Department of Earth Sciences, University of Oregon, Eugene, OR, USA

Abstract The occurrence of methane hydrate in marine reservoirs often correlates with the physical
properties of the host sediments. High hydrate saturations (>60% of the pore volume) found in association
with coarser-grained strata have been attributed to both enhanced advective transport through more
permeable sediment layers and to perturbations in phase equilibrium related to pore space geometry that
results in increased diffusive transport. To assess the relative importance of these mechanism in controlling
hydrate occurrence, we develop a 1-D model for hydrate growth along dipping, coarse-grained layers
embedded in a fine-grained sediment package. We explicitly account for pore size effects on methane
solubility and permeability-driven variations in fluid flux. We show how the vertical distribution of hydrate
varies in response to changes in grain size and rates of fluid advection, sedimentation, and in situ methane
production. We then use our model to simulate centimeter-scale variations in hydrate saturation observed
at Walker Ridge Block 313, Hole H in the Gulf of Mexico. We find that the largest concentrations of hydrate
are controlled by diffusion, while increased advective methane supply favors more distributed growth
throughout high-permeability regions. Our results hold promise for using well log-derived estimates

of hydrate saturation to infer sediment properties and the sources and rates of methane supply during
reservoir emplacement.

1. Introduction

Methane hydrates—ice-like compounds composed primarily of methane trapped within a lattice of water
molecules—are found occupying the pore spaces of sediments throughout the world’s continental margins
(slope and rise) and permafrost regions (Kvenvolden, 1993; Paull & Dillon, 2001; Sloan, 2003). As globally
significant methane reservoirs (Archer et al.,, 2009; Milkov, 2004), these substances have accrued broad
scientific interests with respect to their potential as a fuel source (Boswell, 2009; Chong et al., 2016; Collett,
2002; Sloan, 2003) and role in the global carbon cycle (Archer et al., 2009; Dickens, 2003; Kvenvolden, 2002).
They may also pose a geologic hazard. The destabilization of hydrate reservoirs due to climate forcing has
been linked to major submarine slope failures (Handwerger et al., 2017; Kayen & Lee, 1991; Mclver, 1982;
Mienert et al., 2005; Paull et al., 1996) and may result in significant contributions of methane to the oceans
and atmosphere (Archer et al., 2009; Dickens et al., 1995; Maslin et al., 2004; Nisbet & Piper, 1998; Zachos et al.,
2008). Lastly, hydrates pose a hazard to conventional petroleum recovery where drilling activities can perturb
deposits leading to gas blowouts (Milkov et al., 2000; Sloan, 2003). Critical to the investigation of these issues
is quantifying the formation rates and spatial distribution of naturally occurring hydrates.

Numerous geophysical surveys have demonstrated that the distribution of hydrate is correlated with the
physical properties of the host sediments (e.g., Winters et al., 2014). High hydrate saturations (volume fraction
of the pore space) are typically found occupying coarser-grained strata with little to no hydrate observed in
adjacent more finely grained sediments. This association is particularly well illustrated in high-resolution well
logs and core samples from the Nankai Tough (Ito et al.,, 2015), Korean continental margin (Bahk et al., 2011),
Alaskan North Slope (Winters et al., 2011), Cascadia margin (Torres et al., 2008), and Gulf of Mexico (Boswell
etal., 2012; Collett et al.,, 2012; Cook et al., 2012; Frye et al., 2012; Hillman et al., 2017) where hydrate is con-
centrated in centimeters- to meters-thick sand-rich layers at saturations up to ~90%. The positive correlation
between grain size and hydrate saturation is also observed in laboratory experiments on clathrate precipi-
tation in porous media (Lu et al., 2011). These observations have led to essentially two classes of methane
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transportation models to explain the heterogeneous nature of hydrate reservoirs: (1) the diffusively controlled
or short-range migration model and (2) the advectively controlled or long-range migration model.

In the short-range migration model, pore size-driven changes in methane solubility (Clennell et al., 1999;
Henry et al., 1999; Irizarry, 2015; Liu & Flemings, 2011) result in the diffusive transport of methane from
finer-grained sediments into intervening coarser-grained layers (Daigle & Dugan, 2011; Rempel, 2011).
Because changes in pore size occur over length scales much shorter than those characterizing temperature-
and pressure-driven changes in methane solubility, the diffusive flux at such boundaries is locally signifi-
cant compared to other methane supply mechanisms. Consequently, hydrate concentrates at stratigraphic
boundaries within coarser-grained units and is accompanied by adjacent hydrate-free regions (HFRs) within
finer-grained sediments. This mechanism has been invoked to explain hydrate occurrence beneath the
Cascadia Margin (Malinverno, 2010), Gulf of Mexico (Cook & Malinverno, 2013), Andaman Sea, and Nankai
trough (Malinverno & Goldberg, 2015). However, owing to the relatively slow rates of methane diffusion
through pore waters, short-range migration may not be able to explain hydrate accumulations that are much
thicker than the diffusive length scale (Nole et al., 2017; You & Flemings, 2017).

Alternatively, in the long-range migration model coarser-grained and presumably more permeable strata act
as conduits for enhanced fluid flow. Nonhydrostatic pressure gradients drive methane (in solution or as free
gas) from a source region beneath the gas hydrate stability zone (GHSZ) toward the seafloor along perme-
able sands or faults resulting in the more rapid accumulation of methane along these features (Chatterjee
et al, 2014; Liu & Flemings, 2007). This mechanism is better suited to explain distributed hydrate growth
throughout thick reservoirs. However, long-range migration requires that permeable layers are hydraulically
connected to the source region, which may not be valid particularly for thin sand lenses. Nole et al. (2016)
propose that flow may be focused along isolated permeable layers embedded within a less permeable back-
ground if significant overpressure exists within the encasing material. In this model, methane is sourced from
nearby fine-grained sediments where the solubility is higher but transport into the coarser-grained layer is
by advection. Short-range methane migration is likely active within systems where methane is supplied by
focused fluid flow. However, as a result of the relatively coarse model discretization used in the above studies,
diffusive transport processes related to changes in pore architecture are not accurately captured.

While both short- and long-range transport models have proved viable in explaining the general correspon-
dence between sediment properties and hydrate occurrence, neither mechanism has successfully captured
the detailed geometry of natural hydrate reservoirs observed in geophysical well logs and core samples.
Furthermore, each transportation model has only been considered in isolation despite the likelihood that
both are active within a single basin (e.g., Hillman et al., 2017). To assess the relative importance of both dif-
fusive and advective processes, we develop a general 1-D modeling framework that explicitly accounts for
pore size-driven changes in methane solubility and approximates the effect of permeability-driven variations
in fluid flux. We explore how the prevailing environmental conditions (i.e., the supply rates and sources of
methane to the GHSZ, sedimentation rates, and the vertical distribution of grain sizes) present during reser-
voir emplacement influence the stratification of hydrate in marine settings. Using field data from Walker
Ridge, Gulf of Mexico, we demonstrate how our 1-D model can capture centimeter-scale variations in hydrate
saturation derived from well log analysis. We conclude that observations of hydrate distribution within het-
erogeneous sediments may be used to infer the depositional conditions and sources and rates of methane
supply that existed during emplacement.

2. Model Formulation

2.1. Conceptual Model

To assess the influence of pore architecture on methane transport processes and hydrate distribution, we
model a small (tens of meters) region within the GHSZ containing a dipping coarse-grained layer that is more
amenable to fluid transport than the surrounding finer-grained sediments (Figure 1a). Methane is supplied in
the dissolved phase via the vertical advection of pore fluids originating from a deeper methane source region.
The permeable layer provides a conduit for enhanced fluid flow (Figures 1b and 1¢) resulting in the more rapid
accumulation of hydrate relative to the surrounding sediments. Methane is also supplied via in situ microbial
production, which may vary as a function of depth and lithology (Figure 1d). The production of methane
from methanogenesis decreases as sediments are buried and may be enhanced in fine-grained sediments
(e.g., organic-rich shale layers) relative to more sand-rich units (Pohlman et al., 2009; Waseda, 1998).
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Figure 1. Model domain and methane transportation mechanisms. (a) Schematic depiction of the model domain

(red box) showing a dipping permeable layer (yellow region) surrounded by sediments less amenable to fluid transport.
Black arrow denotes far-field vertical fluid velocity (u,). (b) Enlarged view of the model domain showing the coordinate
system (red axes) and the nonhydrostatics pressure gradient and associated Darcy flow field surrounding the layer
(outlined by dashed white lines). In (c) we illustrate the primary advective (green arrows) and diffusive (blue arrows)
transportation mechanisms considered in this study. The solid black curves depict possible methane concentration
profiles before (Case 1) and after (Case 2) significant hydrate growth. The dashed red curves identify the solubility of
methane at two-phase equilibrium. (d) Example rates of methane production (equation (10)) as a function of depth
inside (dashed line) and outside (solid line) the coarse-grain layer. Relevant model parameters are shown in each panel.
See section 2 for details. BSRZ = base of the sulfate reduction zone.

Diffusive methane transport may also be significant in heterogeneous sediments. Pore geometry perturbs
two-phase thermodynamic equilibrium between methane in hydrate and methane in solution by requir-
ing interstitial hydrate to attain high surface curvatures (Clennell et al., 1999; Henry et al., 1999) and also as
a result of the wetting interactions that cause thin liquid films to intervene between particle and hydrate
surfaces (Rempel, 2011). As a result, the concentration of methane in solution at local equilibrium is greater in
finer-grained sediments, where we expect smaller pore sizes, relative to coarser-grained sediments (Figure 1¢;
Case 1). Consequently, chemical diffusion further enhances the accumulation of methane in coarse-grained
layers. The occlusion of pore space by hydrate effectively reduces the pore size. As hydrate accumulates more
rapidly in the coarse-grained layer, the associated increase in equilibrium methane concentration reduces the
diffusive flux of methane into the layer. At high hydrate saturations, the equilibrium methane concentration
may be perturbed enough such that methane is diffusively transported out of the layer (Figure 1c; Case 2).

2.2. Model Domain, Notation, and Assumptions

We model the accumulation of methane along a 1-D profile oriented normal to the dip of prescribed sedi-
ment layers that are defined by changes in average grain size (Figure 1). We use a Lagrangian reference frame
that is fixed to the sediments and is buried at a constant rate (w). Only the thermal effects of sedimentation
are considered. Temperature evolves along an advective thermal gradient based on the prescribed far-field
vertical Darcy pore fluid velocity (u,) the driving pressure for which we assume is maintained throughout our
simulations by far-field stresses.

We consider two coordinate systems (Figures 1a—1c), one that is aligned with Earth’s surface (x, z) and one that
is rotated from vertical to align with the dip of the sediment layers (x’, Z’). The origin of the latter coordinate
system is always located at the center of the sediment package. We also consider the dimensionless forms
of these coordinate systems, (y,¢) and (y;{’), where each spatial variable is normalized by the base of the
gas hydrate stability zone (BGHSZ) depth (z;). To facilitate comparisons between models, variables describing
methane concentration are normalized by the three-phase methane solubility (c;); these are identified with
a tilde accent. A complete description of variables is provided in Table 1.

Our governing equation is numerically solved in 1-D on the ¢’ axis (equation (1)). By taking advantage of
the symmetry of the model geometry considered, we do not need to explicitly solve for methane transport
in the lateral dimension but can instead approximate 2-D transport using a source term (see section 2.5).
Our 1-D implementation allows us to efficiently simulate centimeter-scale variations in methane distribution
in complex sediment sequences.
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Table 1
Parameter Values and Descriptions
Parameter Value Units Description
A 1.15% 10712 °/API Gamma ray-to-undercooling fit parameter
B 3.82x 1074 °C Gamma ray-to-undercooling fit parameter
c(© — Mass fraction Methane concentration in solution
c3 2.82%x 1073 Mass fraction Three-phase methane solubility
Ceq (Ceq) — Mass fraction Two-phase equilibrium methane solubility
G 0.035 Mass fraction Pore fluid salinity
D 3.6x10°10 m?/s Effective diffusion coefficient?
D, — — Damkohler number
f 7 — Gamma ray-to-undercooling fit parameter
F — — Mass methane in hydrate and in solution
G 0.0259 °/km Geothermal gradient?
H 5 m Layer thickness
HFR — m Hydrate-free region width
k (k) 1.78(631) Mass fraction Conversion factor from e to methane?
Pe,: — — Fluid Péclet number in x” direction
Pe,s — — Fluid Péclet number in 2’ direction
qr — g Layer-parallel methane source term
Im — s Microbial methane source term
Sh — — Hydrate saturation
e = = Hydrate spike saturation
t(7) — s Time
T — °C Local in situ temperature
T3 27.4 ° Temperature at BGHSZ
Tm — ° Two-phase bulk equilibrium temperature
u, — mm/year Far-field vertical Darcy pore fluid velocity
w — mm/year Sedimentation rate
x(y) — m Horizontal coordinate
X' (7" — m Layer-parallel coordinate
Xm Xm) 0.134(47.5) Mass fraction Solubility of methane in hydrate
z(¢) — m Vertical coordinate
r (1)) — m Layer-normal coordinate
z3 900 m Depth to BGHSZ¢
Zgspz (Casrz) 4.5(0.005) m Depth to BSRZ4
a 144 °C Methane solubility parameter®
B 13 — Hydrate undercooling exponentf
y — API Spectral gamma ray
1) — m Hydrate spike width
AT — °C Undercooling
€ — Mass fraction Metabolizable organic carbon at BSRZ
n 1.76 Mass fraction Methane solubility parameter®
We make the following assumptions in developing our model. (1) Hydrate formation proceeds rapidly enough
relative to the rates of methane supply that the kinetic effects on accumulation can be ignored; this assump-
tion is supported by experimentally determined rates of hydrate formation (Rehder et al., 2004; Zatsepina
& Buffett, 2003). (2) Salinity and temperature perturbations associated with the latent heat of hydrate for-
mation and the occlusion of salt from the hydrate lattice, respectively, may be ignored; this assumption is
valid given that the rates at which thermal and salinity perturbations are advectively and diffusively removed
VANDERBEEK AND REMPEL 5397
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Table 1 (continued)

Parameter Value Units Description
— ° Layer dip
— s~ Methanogenesis reaction rate constant
Pg 2,750 kg/m3 Sediment density
Ph 910 kg/m3 Hydrate density
o 1,029 kg/m3 Pore fluid density
[ 0.5 — Intrinsic porosity
w — — Sedimentation Péclet number

Note. No value indicates the parameter value varies. Dimensionless parameter names and values are shown in parenthe-
ses. Values are based on conditions present at Walker Ridge block 313, Northern Gulf of Mexico. The three-phase methane
solubility is calculated following Davie et al. (2004) at a water depth of 2,000 m (Frye et al., 2012). The BGHS temperature
is inferred from the geothermal gradient assuming a seafloor temperature of 4°C (Milkov et al., 2000). BGHS = base of the
gas hydrate stability; BSRZ = base of the sulfate reduction zone. References in table are as follows: 2Malinverno (2010);
PForrest et al. (2005); “Frye et al. (2012); dpohlman et al. (2008); €Davie et al. (2004); and fRempel (2011).

is much greater than the rates of hydrate accumulation modeled in this study. (3) Thermal perturbations due
to enhanced fluid flow may be neglected. This assumption is appropriate given that the thermal Péclet num-
ber at the length scale over which pore size-driven changes in solubility are expected to occur is sufficiently
small (1072 to 10~* assuming that vertical fluid flow rates are 1-100 mm/year; the effective thermal diffusiv-
ity in marine sediments is 10~ m?/s, Homola et al., 2015, and the length scale is 1 m). (4) While fluid transport
requires the presence of a nonhydrostatic pressure gradient, we neglect the influence of such pressure per-
turbations on the solubility of methane. This simplification is warranted given that the solubility of methane
within the GHSZ is effectively independent of pressure owing to the near incompressibility of both water and
hydrate (Clennell et al., 1999; Davie et al., 2004; Henry et al., 1999). (5) Hydrate formation is not limited by
water availability. (6) We assume a constant intrinsic porosity throughout the model and neglect the effects
of compaction and potential perturbations to the particle packing that result from interactions with the
growing hydrate.

2.3. Conservation Equation
We solve a single mass balance equation for methane assuming that methane is only present dissolved within
the pore water or as hydrate. We write our conservation equation in dimensionless form as

ac
]—Pez,d—é,, +qr+ 4, (1)

oF 0 ac
a0

where F is the mass of methane in hydrate and in solution, 7 is time, S, is the hydrate saturation, € is the
concentration of methane dissolved in the pore water, Pe, is the Péclet number for the pore fluid flow-
ing in the direction parallel to ¢’, and g; and g,, are source terms (defined in section 2.5) that account for
methane supplied via diffusion and advection in the layer-parallel (i.e., x'— or y’—) direction and in situ micro-
bial production, respectively. The dimensionless forms of the model variables are defined by the following
normalizations:

u,z
, =%, &= Ci and Pe, = (;03 cos(8), 2

where t is time, D is the effective molecular diffusion coefficient of methane in the pore waters, c is the
methane concentration in the pore fluids, ¢ is the sediment porosity, and  is the layer dip.

At each time step in our evaluation of equation (1), the total mass of methane (F) is partitioned into that
dissolved in the pore water (¢) and that stored in hydrate (S,) according to equations (3) and 4.

E=Cyq for F>¢, otherwise ¢=F (3)
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Sy = ———— for F>¢&, otherwise S, =0 (4)

Above, ¢, is the two-phase equilibrium solubility of methane in the pore water, %, is the solubility of methane
in hydrate, and p, and p, are the densities of hydrate and pore water, respectively. Recall, all variables with
tilde accents are normalized by c;.

2.4. Thermodynamic Considerations

Two-phase thermodynamic equilibrium between methane in hydrate and in solution is primarily a function
of temperature, pressure, and the concentration of additional solutes (notably salt in marine settings). Within
the GHSZ, Davie et al. (2004) show that methane solubility is well approximated by an exponential function
of temperature, namely,

To—T
Ceq = (1 = 1C;)C3 €XP [mT3] , (5)

where T, is the two-phase bulk equilibrium temperature, which may be larger than the in situ temperature
due to geometric constraints (discussed below); ¢; is the concentration of dissolved salts; T; is the BGHSZ
temperature; and 7 and « are experimentally determined constants.

In porous media, the large curvature, and correspondingly high surface energy, of the hydrate-liquid interface
contributes significantly to the Gibbs free energy of the system (Clennell et al.,, 1999; Henry et al., 1999). This
results in a depression of the hydrate melting point (henceforth referred to as undercooling) and increase in
methane solubility that is not explicitly accounted for in equation (5). The undercooling (AT;) at which hydrate
first forms is inversely proportional to the radius of curvature of the largest crystal that can occupy the pore
space (Daigle & Dugan, 2011; Irizarry, 2015; Liu & Flemings, 2011; Rempel, 2011). Rempel (2011) defines the
perturbation to the in situ temperature (T) as

2T

AT, =T, —-T) =
r={n ) rp,L

, (6)
where r is the pore radius, y,, is the surface energy of the hydrate-liquid interface, and L is the latent heat
of fusion. Increased hydrate saturation reduces the available pore space and increases the effective under-
cooling. This behavior is captured well with a power law relationship in which the intrinsic undercooling
(equation (6)) is increased by a factor of (1 — S;,)~'/# where the exponent depends on the architecture of the
pore space; here we adopt § = 1.3 (Rempel, 2011). At high hydrate saturations (S, > 95%), the physics of
thin liquid films that separate interstitial hydrate from the pore walls cause deviation from this single power
law behavior (Rempel, 2011). For this reason, all simulations are terminated before S, exceeds 95%. This does
not significantly limit our model’s applicability, as most natural hydrate systems, including those containing
notable hydrate saturation anomalies (e.g., Cook et al., 2012; Rose et al. 2014), do not exceed this threshold.
Irizarry (2015) developed a more advanced model for determining the intrinsic undercooling of host sedi-
ments and the dependence on hydrate saturation given a particle-size distribution. In general, the results of
Irizarry (2015) confirm the power law relationship proposed by Rempel (2011) and so we use the simpler for-
mulation defined above. From equation (6), we modify equation (5) as follows to account for the effects of
simple pore geometries and hydrate growth on equilibrium methane solubility:

T AT, _ T.
Ceq = (1 = 1C)C3 €XP [ <1 + T—“’a — Sy W>> - ;3] , (7)

« )
where ATy, is the intrinsic undercooling at the reference temperature T,. We note that other parameterizations
for AT exist (e.g., Liu & Flemings, 2011) and may readily be inserted into equation (5).

2.5. Methane Source Terms

To account for the effects of flow focusing in our 1-D model, we approximate a dipping sediment layer as a
laterally extensive sheet. We are not concerned with complexities in porous flow that occur near the edges of
such layers since these complications are spatially limited. Similar to seismic waves, porous flow is refracted
upon passing through an interface defined by a change in permeability (Figure 1b). Conservation of mass
requires that the flux of pore fluid in the layer-normal direction be constant, while the flux in the layer-parallel
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direction is proportional to the ratio of the layer and background permeabilities. This is illustrated in Figure 1b
where we show the nonhydrostatic pressure and Darcy flow fields obtained from numerically solving V -
[K(x,2)VP(x,2)] = 0 where the permeability (K) in the dipping layer is an order of magnitude greater than the
surrounding medium. Using the well-known relationship between permeability and the radius (R) of spherical
grains K = nR? (Krumbein & Monk, 1943; where n is a proportionality constant) and assuming the pore radius
is proportional to the grain size, we write the pore fluid Péclet number in the x” direction as

AT, \?
Pe,, = Pe, (A—Tffb> (1=5,)* tan(o), ®)

where ATy, is the undercooling at the base of the model domain where u, is prescribed. The (1 — 5,)* term
accounts for the reduction in permeability due to hydrate occlusion as predicted by the cementation model
of Bryant et al. (1993). In equation (8), we assume that S, varies gradually in the x’ direction. Consequently,
layer-parallel changes in Pe,, are accommodated over large length scales and may be neglected.

To estimate the diffusive and advective flux in the x” direction, we assume that layer-parallel variations in
methane solubility are due solely to changes in temperature. Given that we do not consider layer-parallel
changes in AT; and S, varies gradually in the x” direction, this assumption is warranted. Thus, the concentra-
tion of methane in the x’ direction may be geometrically defined as c(x’, z’) = ¢(0,Z' + x’ tan 6) and we may
approximate the layer-parallel methane source term as

gr = [(1 = 5,) tan(0) — Pex,]aa—; tan(9) 9)

where y’ = x’ /z;. Equations (8) and (9) are valid provided that the layer dip does not approach 90° .

Following Malinverno (2010), we approximate methanogenesis as a one-step conversion from organic matter
in the sediments to methane in solution. We write the dimensionless rate of microbial methane production as

- D
4, = €kD, exp [—;"(C - CBSRZ)] for (>{gepy oOtherwise g, =0, (10)

where ¢ is the fraction of organic carbon available for methanogenesis at the base of the sulfate reduction
zone (BSRZ); k is the normalized conversion factor from organic carbon to methane defined as E P-"th)), B
is a Damkdhler number that we define as the ratio between the methanogenesis reaction rate constant (4)
and the effective diffusion coefficient, D, = z2/D; w is the Péclet number associated with sedimentation
(0 = WZ%/D); and gy is the depth to the BSRZ (normalized by z;). We note that equation (10) is appropriate

for constant porosity.

2.6. Modeling Procedure

Equation (1) is discretized to second order in space and integrated through time using MATLAB's® implicit
ordinary differential equation solvers. The spacing between model nodes is 1 cm. Based of the scaling analy-
sis of Rempel (2011), this resolution is more than sufficient to capture diffusive hydrate saturation anomalies
that occur over lengths scales of ~10 cm. All simulations start with the model domain origin at a depth of
100 m, the methane concentration in the pore fluid is assumed to be at the unconfined two-phase solubility
(i.e., equation (5)), and no hydrate is initially present. We apply Neumann-type (i.e., gradient) boundary condi-
tions by estimating equation (1) using forward and backward differences at the top and bottom model nodes,
respectively. We prescribe the methane concentration at the boundaries to be the two-phase solubility. We
simulate hydrate formation under conditions similar to those present at Walker Ridge Block 313, Northern
Gulf of Mexico (Table 1).

3. Hydrate Growth in Advectively Supplied Systems

We first illustrate how methane accumulates in heterogeneous sediments where methane is supplied only via
the vertical advection of pore fluid. We investigate how undercooling, sedimentation rate, and the degree of
flow focusing (as controlled by the layer dip) influence the distribution of hydrate. We find that a broad range
of hydrate deposit geometries can be produced by varying these basic parameters.

We begin by illustrating how pore size-driven changes in methane solubility lead to distinct hydrate satura-
tion anomalies. We model the accumulation of methane along a 1-D profile containing a horizontal (6 = 0),
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Figure 2. Accumulation of methane in an advectively supplied system. Profiles of (a) hydrate saturation and (b) the
difference between the concentration of methane in solution and the unconfined two-phase solubility (i.e.,

AT =€ — Coq(AT; = 0)) are plotted as a function of distance from the center of a coarse-grained layer (yellow region).
Profiles are shown at depth intervals of 0.15z3 (equivalently, every 270 kyr); depth of profiles increases from left to right.
Key in (a) defines the depth (and sediment age) at z/ = 0 in each profile. The dashed black line in (a) shows the modeled
hydrate saturation profile at ¢ = 0.95 if the effects of undercooling are ignored. In (b), the dashed black lines define the
perturbation to the unconfined methane solubility due to pore size and hydrate clogging effects at each depth interval.
HFR = hydrate-free region.

5-m-thick coarse-grained layer embedded in finer-grained sediments. We define the fine-grained sediments
with AT; = 0.01°C. We define the coarse-grained layer by a step-wise order of magnitude decrease in under-
cooling. We prescribe a vertical fluid velocity of 1 mm/year and a constant sedimentation rate of 0.5 mm/year.
All other parameters are listed in Table 1. Figure 2 shows how methane accumulates as a function of time
and depth near stratigraphic boundaries. Away from the layer, hydrate accumulates slowly in accordance with
previous 1-D steady state solutions (e.g., Rempel & Buffett, 1997). Where there is an abrupt change in under-
cooling, hydrate accumulates in narrow high-amplitude spikes within the zone of decreased AT (Figure 2a).
The hydrate spikes are accompanied by adjacent hydrate-HFRs within the zone of increased AT,.

The distribution of hydrate illustrated in Figure 2a is characteristic of short-range methane transport. Methane
is diffusively transported down steep concentration gradients connecting the fine- and coarse-grained layers
to grow the hydrate spikes (Figure 2b). As spike amplitude (S;,,,,) and width (6) increase, the undercool-
ing contrast decreases and the diffusive loss of methane from the HFR is diminished. Consequently, the HFR
begins to fill with hydrate. The volume of hydrate within the spike should approximately balance the miss-
ing hydrate within the HFR (Cook & Malinverno, 2013; Rempel, 2011). However, the increase in solubility with
burial buffers the advance of hydrate into the HFR as a greater mass of methane is required in solution to
achieve two-phase equilibrium. We also note that S,,,., is greater for a coarse-over-fine layer configuration.
This is because the advective flux of methane from a high to a low AT; region is greater than the other way
around. Similarly, the HFR is wider for the fine-over-coarse configuration. We refer the reader to Rempel (2011)
for a more detailed explanation of hydrate spike and HFR geometry.

3.1. Influence of Undercooling

The parameters characterizing hydrate saturation anomalies depend strongly on the undercooling values that
characterize the sediments. In Figure 3, we show how S, ..., 6, and the HFR vary as a function of the magni-
tude (i.e., AT¢ — AT, where the subscripts f and c refer to fine- and coarse-grained sediments) and fractional
difference (i.e., %) in the undercooling contrast between layers. We define § as the length over which
hydrate saturation decreases from Shmax t0 the average value of S, within the coarse-grained region. The HFR
width is the distance between the layer boundary and the point at which S, exceeds 25% the saturation out-
side the HFR. We find that S, ., is relatively insensitive to the magnitude of the undercooling contrast but
varies strongly as the fractional difference in undercooling increases (Figure 3a). In comparison, both § and
the HFR increase notably as the magnitude of the AT, contrast increases and exhibit more modest varia-
tion with the fractional difference in undercooling (Figures 3b and 3c). This is because larger changes in AT
are accommodated over a broader region such that the diffusive flux into the coarse-grained layer does not
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Figure 3. Dependence of (a) Symayx (b) 8, and (c) HFR width on the difference in undercooling between adjacent layers.
In each panel, three sets of curves are shown corresponding to an order of magnitude change in the undercooling of
both the fine- and coarse-grained layers. Curves are colored by the dimensionless depth of the layer boundary (color
bar). Solid and dashed lines identify results for a fine-over-coarse and coarse-over-fine arrangement of layers,
respectively. HFR = hydrate-free region.

change substantially with the magnitude of AT;. However, we observe a sharp decrease in § at large frac-
tional differences in undercooling. This may reflect a large decrease in the effective diffusivity within the spike
that prevents it from diffusively spreading. These results suggest that the hydrate distributions around sharp
stratigraphic boundaries may be used to constrain variations in the effective sediment undercooling and to
make inferences on the geometry of the pore space.

The distribution of hydrate in heterogeneous sediments will ultimately depend on the nature of the con-
tacts between adjacent strata. Because hydrate saturation anomalies associated with changes in grain size
are diffusive features, their geometry depends on the curvature of AT. Peak hydrate saturations occur where
the curvature is greatest and reduced hydrate saturations occur where V2(AT;) < 0. Thus far, we have only
investigated step-wise changes in AT;. However, sediment contacts in nature may not always be such sharply
defined features. In Figure 4 we show how methane accumulates for different smoothly varying undercool-
ing profiles. For a sharp but continuous layer boundary defined by a hyperbolic tangent function (Figures 4a
and 4d), broader and lower amplitude hydrate spikes form. The HFRs occur where V2(AT;) < 0. If the curva-
ture in the undercooling profile only contains a single maximum (e.g., a cosine function; Figures 4b and 4e),
then a single hydrate spike is formed that is flanked by two HFRs. The spike occurs over the interval where
V2(AT;) > 0. Diffusively grown hydrate saturation anomalies become less prominent as the length (L) over
which AT changes is increased. This is illustrated in Figures 4c and 4f where AT, is defined by a sine function
with a wavelength of 10 and 1 m for the top and bottom boundaries, respectively. If %L > ATy, then diffu-
sive hydrate saturation anomalies will no longer develop because changes in methane solubility are primarily
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Figure 4. Hydrate saturation profiles (top row; solid curves) and the deviation in methane concentration from unconfined two-phase equilibrium (bottom row)
are plotted for undercooling layer boundaries defined by (a, d) a hyperbolic tangent function with wavelength of 1 m, (b, ) a cosine function with wavelength of
5m, and (¢, f) a cosine function with a wavelength of 10 and 1 m for the top and bottom boundaries, respectively. These undercooling profiles are shown as red
dotted curves in (a)-(c). Hydrate saturation and methane concentration profiles are plotted as described in Figure 2 (270 kyr intervals).

driven by the geothermal gradient rather than changes in pore architecture. The results in Figure 4 show that
pore size-driven changes in methane solubility can produce a wide variety of hydrate deposit geometries.

3.2. Influence of Sedimentation Rate

Sedimentation reduces the time available for hydrate growth by limiting the time sediments spend in the
GHSZ.In Figure 5, we show steady state S,,,., and HFR profiles throughout the GHSZ as a function of w relative
to u, for a single step-wise change in AT, from 0.01 to 0.001°C. Hydrate formation requires that the rate of
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Figure 5. Depth profiles for (a) S,max and (b) the HFR width are plotted as a function of sedimentation rate (scaled by
the vertical fluid velocity; color bar). Solid and dashed lines identify results for a fine-over-coarse and coarse-over-fine
arrangement of layers, respectively. The y axis refers to the depth of the layer boundary. HFR = hydrate-free region.
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Figure 6. Accumulation of methane with flow focusing. (left) Hydrate saturation and (right) methane concentration
depth profiles are plotted as in Figure 2 for (a and b) a model with and (c and d) without intrinsic variations in
undercooling.

methane supply exceed the rate at which methane solubility increases (as controlled by w). Thus, as w/u,
deceases, S, increases. With increasing w/u,, a larger proportion of the supplied methane is required in
solution to maintain equilibrium. Consequently, the advance of hydrate into the HFR stalls. At high burial
rates the HFR will grow slowly with time. We conclude that variations in the geometry of hydrate saturation
anomalies with depth may reflect the average relative rate of sedimentation with respect to vertical pore fluid
advection.

3.3. Influence of Flow Focusing

We have shown how pore size-induced perturbations in methane solubility can produce anomalous accu-
mulations of hydrate at stratigraphic boundaries. These features are relatively short wavelength occurring
over distances that characterize the transition between adjacent strata. However, elevated hydrate satura-
tions are often observed throughout coarse-grained layers and not just along their edges (e.g., Boswell et al.,
2012; Cook et al., 2012; Rose et al.,, 2014). If coarser-grained sediments are also regions of greater permeabil-
ity, then increased rates of advective methane supply along dipping and more permeable layers (Figure 1b)
may explain the broader zones of high hydrate saturation (e.g., Chatterjee et al., 2014; Nimblett & Ruppel,
2003; Nole et al., 2016). In Figures 6a and 6b, we show how methane accumulates around a coarse-grained
(AT¢. = 0.001°C) layer that is 100 times more permeable than the background sediments (AT, = 0.01°C) and
is inclined 30° from horizontal. The main effect of flow focusing is to increase S, between hydrate spikes and
within coarse-grained sediments. The geometry of hydrate spikes and HFRs is not notably different from the
horizontal layer case (Figure 2) except for a minor increase (<10%) in Sy, ..x- Methane does not accumulate 100
times faster in the more permeable layer for two reasons; (1) The rapid accumulation of hydrate throughout
the layer quickly reduces the permeability contrast (equation (8)) and (2) methane is primarily transported
by the vertical component of fluid flow since methane concentration does not vary in the x direction
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Figure 7. Depth profiles of (a) hydrate saturation and (b) methane concentration in a methanogenesis supplied system
are shown as in Figure 2. The results are for 1 = 5x 107* 571, ¢ = 0.008, and w = 0.5 mm/year. The step-wise change in
undercooling between the layer and background sediments is indicated. The depth evolution of (c, €) Sy,nax and (d, f)
HFR width are plotted as a function of (c and d) € and (e and f) A. Solid and dashed lines show results for
fine-over-coarse and coarse-over-fine configurations, respectively. Depth is dimensionless distance to layer boundary.
HFR = hydrate-free region.

(except near undercooling boundaries). From the dipping 1-D profiles we may construct a 2-D picture showing
how hydrate saturation varies along and across undercooling boundaries (Figure S1 in the supporting infor-
mation). Such pseudo 2-D solutions may be compared with 3-D constraints on hydrate distribution around
continuous lithologic units and 2-D/3-D models of methane accumulation to assess the simplifications made
in our study.
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While we have assumed that changes in permeability are directly related to changes in undercooling
(equation (8)), this may not be the case. In Figures 6¢ and 6d we show results for the extreme case in
which a change in permeability is unaccompanied by any change in intrinsic AT; (0.0055°C throughout
model). Hydrate saturations are similar to those in Figures 6a and 6b except near the layer boundaries.
Because changes in methane solubility are only driven by changesin S,, the methane concentration is greater
within the coarse-grained layer. Consequently, methane is diffusively transported out of the layer, smoothing
the S, profile.

4, Hydrate Growth in Methanogenesis Supplied Systems

In this section, we show how hydrate accumulates in systems where methane is supplied only by in situ
methanogenesis (Figure 8). We show how the metabolizable organic carbon content (¢) of the sediments and
the methanogenesis reaction rate (4) influence the hydrate saturation depth profiles. We find that the distri-
bution of hydrate in methogenesis supplied systems is distinctly different from advectively supplied systems
(section 3).

4.1. Influence of Available Carbon

The distribution of methane around stratigraphic boundaries in methanogenesis supplied systems (Figures 7a
and 7b) is like that in advectively supplied systems (Figure 2). However, the temporal evolution of methane
accumulation is distinctly different between these two regimes. In Figures 7c and 7d, we show how the geom-
etry of hydrate saturation anomalies varies in response to changes in the initial organic carbon content of the
sediments. The value of ¢ is constant throughout the model domain and a single step-wise change in AT, from
0.01 to 0.001°C is located at the center of the model. We prescribe 1 = 5 x 107'* s~ and w = 0.5 mm/year.
In the absence of vertical pore fluid advection, we find that S,,., no longer increases monotonically with
depth and that HFR broadens with time (Figure 7). Additionally, S,... is less dependent on layer configura-
tion. This behavior is opposite of that observed in the advectively supplied system (section 3). This is because
the time evolution of methane supply is opposite that of advectively driven systems; the methane supply
rate decreases with depth for microbial production (equation (10) and Figure 1d) and increases with depth
for advective transport. Once the microbial methane production rate becomes less than the rate at which
methane solubility increases, hydrate must dissolve to maintain equilibrium. Consequently, at sufficiently
small values of € the maximum depth of hydrate occurrence is shallower than the BGHSZ (Malinverno, 2010).

4.2. Influence of Reaction Rate

The Spmax @and HFR depth profiles are also sensitive to the methanogenesis reaction rate. This is illustrated in
Figures 7e and 7f for e = 0.005 and varying values of 4 (all other parameters are as described in section 4.1).
We find that increasing A initially increases Sy, .., and decreases HFR at a given depth. However, as 4 continues
to increase, the HFR broadens and S, ..., is reduced with maximum S, .., migrating to shallower depths. This
is because increasing the reaction rate causes a greater fraction of the available carbon to be converted to
methane at shallower depths. At sufficiently high A values there is not enough methane production to keep
pace with the increase in methane solubility with depth. Thus, hydrate growth ceases. We can estimate the
depth at which hydrate no longer develops in methanogenesis supplied systems by solving for the depth at
whichg,, = agzq w. We plot this depth in Figure 8 as a function of D, /w for different values e. From Figure 8, it is
clear that there is an optimal reaction rate to maximize the time available for hydrate growth for a given value
of ¢ and w. The results presented in Figures 7 and 8 suggest that the depth distribution of hydrate may be
used to constrain the initial organic content of the host sediments and methanogenesis reaction rates within
a hydrate reservoir.

5. Application to Walker Ridge, Gulf of Mexico

We have shown how perturbations to the main parameters in our model (i.e., AT, u,, w, 6, €, and A) lead to
distinct changes in the depth distribution of hydrate. Using routine well log measurements collected at Walker
Ridge Block 313 Hole H in the Gulf of Mexico, we now demonstrate how our model may be used to predict
complex hydrate saturation profiles and constrain parameters relevant to hydrate reservoir emplacement. We
model the accumulation of hydrate in the orange sand unit (Boswell et al., 2012; Collett et al., 2012) from a
depth of 100 mbsf to its present-day position at 806 mbsf. The orange unit consists of two lobes of clean
sand. A 2-m-thick shale interval separates the shallower 5-m-thick sand interval from the lower 6.5-m-thick
sand layer. Seismic imaging shows the orange unit to have an average dip of 10° (Boswell et al., 2012), and we
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0.9 2008) and basin-scale numerical flow models (Harrison & Summa, 1991)
0.8 to constrain u,. Based on these studies we prescribe u, = —4 mm/year.
Biostratigraphic data at Walker Ridge yield an average sediment age of
~1.35 Myr at ~1,000 mbsf (Cook & Malinverno, 2013). From these data we
assume a constant sedimentation rate of w = 0.74 mm/year.
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0.5 The least constrained model inputs are the undercooling profile and the
0.4 methanogenesis parameters. The spectral gamma ray log measures the
contributions of thorium, potassium, and uranium to a formation’s radioac-

No Hydrate | 0.3 tivity and may thus be used to infer clay volumes and organic content (Ellis
Growth 0.2 & Singer, 2007). Variations in the gamma ray log at Walker Ridge Block 313,

1 0.1 Hole H (Figure 9a) are primarily interpreted to reflect changes between
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gamma ray). Importantly, gamma ray measurements are not used in deriv-
ing hydrate saturation estimates from well log analysis. Therefore, it seems
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Figure 8. The depth at which hydrate growth stops in a methanogenesis reasonable to estimate relative grain size, and associated undercooling,
supplied system is plotted as a function of ¢ and D /. variations based on the gamma ray log. The grain radii of sand-rich and

more clay-rich sediments from drill core samples in the Gulf of Mexico are
on the order of 100 and 1 pm, respectively (Day-Stirrat et al., 2012). These correspond to AT; values of 0.0005
and 0.05°C (Irizarry, 2015). While the scaling between the gamma ray and undercooling is unknown, we
assume that it follows a power law relationship; that is,

AT, =Ayf +B. (an

The constants A and B in equation (11) are chosen such that the maximum and minimum gamma ray values
for a prescribed exponent (f) equate to the AT, values estimated above for sand- and clay-sized particles. The
exponent modulates the sharpness of the transition between changes in undercooling. The growth of diffu-
sive hydrate saturation anomalies is favored for relatively large values of f as these produce abrupt changes in
methane solubility. We find that using f = 7 produces a qualitatively good fit between the modeled and well
log-derived hydrate saturation profiles (discussed further below). The undercooling profile derived from these
parameters and used in our Walker Ridge simulation is shown in Figure 9b. Methanogenesis reaction rates and
the organic carbon content at the base of the sulfate reduction zone can vary substantially between locations
(Malinverno, 2010). We use intermediate values of these parameters in our simulation. We let A = 5x 1074571,
The organic carbon content likely varies as a function of lithology with more sand-rich horizons containing
less organic material than neighboring muds (Pohiman et al., 2009; Waseda, 1998). Therefore, we assume that
€ scales linearly with the gamma ray log with values between 0.5% and 0.1% (Figure 9a). From the under-
cooling profile (Figure 9b), we estimate relative permeability changes as discussed in section 2.5. In Figure 9c¢,
we plot the vertical component of the pore fluid velocity through time for the model shown in Figure 10a.
All other parameters are as listed in Table 1, and we assume the initial methane concentration in the pore fluid
is at the unconfined two-phase solubility with no hydrate present.

Our model results show that the relatively simple parameterization presented above is capable of reproducing
a complex distribution of hydrate similar to that observed at Walker Ridge Block 313 (Figure 10a). To distin-
guish between the diffusively and adventively driven hydrate saturation anomalies, we show predicted S,
profiles for models neglecting flow focusing (Figure 10b; permeability redefined to constant value) and with-
out intrinsic variations in undercooling (Figure 10c; solubility perturbations only driven by hydrate growth).
We compare our modeled solutions to two separate well log-derived estimates of S, from Cook et al. (2012);
(1) the red curve is based off the ring resistivity (RR) and (2) the dashed curve is from the low-frequency
attenuation resistivity (AR). The RR has a vertical resolution of 5-8 cm, while the AR has vertical resolution of
55-122 cm and a deeper penetration depth than the RR. Consequently, the AR averages over a larger volume
of sediments resulting in a smoother S, profile. Our results suggest that both diffusive and advective methane
transport are important at this site. The largest amplitudes and short wavelength variations in S, are diffu-
sively controlled, while flow focusing promotes distributed growth throughout the more permeable layers.
Diffusive methane transport is also important in the limiting scenario that changes in intrinsic permeability
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Figure 9. Model parameters for Walker Ridge simulation. (a) The gamma ray profile from Cook et al. (2012) is
interpolated onto the model grid (bottom scale). The e profile (top scale) is derived from the gamma ray log assuming a
linear scaling. (b) The undercooling profile is derived from the gamma ray log assuming a power law relationship.

(c) The evolution of the vertical transport velocity through time for the model in Figure 10a.

are not associated with intrinsic changes in AT, (Figure 10c). In this case, diffusion acts to smooth out the
Sy, profile by transporting methane out of high hydrate saturation regions. We conclude that heterogeneous
deposits of hydrate that occupy large volumes of the pore space may be explained by diffusive and advective
transport of methane in the dissolved phase and that more complex mechanisms involving free gas transport
(e.g., Liu & Flemings, 2007) may not be required.

We briefly discuss the sensitivity of our model solutions to f and the methanogenesis parameters, the least
constrained model inputs. Changing f by more than +1 causes notable changes in maximum hydrate sat-
uration. Increasing f causes a proportional increase in aZCeq/az2 resulting in larger amplitude S, anomalies,
while the opposite is true for a decrease in f. The gamma ray log from which our AT profile was derived has
a vertical resolution of 46 cm (Cook et al,, 2012) and limits the minimum length over which changes in AT,
occur in our model. This may explain the large value of f required to fit the observations as the only way to
increase the solubility contrast between adjacent layers and drive diffusive hydrate growth is to increase the
power law exponent. Finer resolution might permit shorter wavelength changes in the gamma ray data cor-
responding to sharper transitions in solubility to be captured using a lower value of f. Ultimately, the scaling
in equation (11) is ad hoc. Its success in reproducing measured hydrate distributions warrants further investi-
gation but is beyond the scope of the present work. We found that including microbial methane production
helped to slightly reduce the size of the modeled HFRs to better match the RR-derived S, profile. However,
similar results can be obtained in the absence of methanogenesis.
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Figure 10. Modeled and observed hydrate saturation profiles at Walker Ridge Block 313 Hole H, Gulf of Mexico.

Red and dashed black curves show the hydrate saturations inferred from the ring resistivity and low-frequency
attenuation resistivity logs, respectively (Cook et al., 2012). The hydrate saturation profiles predicted by our model are
shown in blue. The solution in (a) includes pore size-driven changes in methane solubility and methane supplied via
microbial production and flow focusing. In (b) and (c) we show hydrate saturation profiles predicted assuming either
a constant permeability or undercooling, respectively.

6. Conclusion

We have developed a 1-D modeling framework for the accumulation of methane in marine sediments that
includes pore size effects on phase equilibrium and permeability-driven variations in fluid flow. Our model-
ing results demonstrate that the accumulation of hydrate around stratigraphic boundaries is sensitive to the
rates and sources of methane supply to the GHSZ, vertical distribution of grain sizes, and sedimentation rate.
Previous studies found that short-range methane migration leads to distinct hydrate spikes at the boundaries
of coarser-grained strata that are accompanied by HFRs within adjacent finer-grained sediments. However,
we find that the geometry of diffusively grown hydrate saturation anomalies depends on the nature of sedi-
ment contacts and that a wide variety of depositional forms are possible. Short-range migration continues to
be relevant in controlling hydrate distributions in systems where the dominant methane supply mechanism
is from the focused flow of pore fluids along more permeable conduits. In this case, solubility perturbations
due to the occlusion of pore space by hydrate cause the saturation profile to be smoothed via diffusion. Lastly,
we forward model the accumulation of hydrate within the orange sand unit beneath Walker Ridge, Gulf of
Mexico. Using the gamma ray log as a proxy for grain size variations, we are able to match centimeter-scale
variations in hydrate saturation observed at this site. We conclude that our 1-D model may be used either to
predict the detailed geometry of hydrate deposits or to invert for mean sedimentation and pore fluid advec-
tion rates, methanogenesis parameters, and sediment properties given observations of hydrate distribution
within heterogeneous sediments.

VANDERBEEK AND REMPEL

5409



~1
AGU

100 Journal of Geophysical Research: Solid Earth 10.1029/2017JB015298

ADVANCING EARTH
AND SPACE SCIENCE

Acknowledgments

We thank Alberto Malinverno and

an anonymous reviewer for their
comments that improved the
manuscript. Data used in this study are
from cited references. This research was
supported by the U.S. Department of
Energy (grant DE-FE0013565) and the
National Science Foundation (grant
NSF-1603907).

References

Archer, D., Buffett, B., & Brovkin, V. (2009). Ocean methane hydrates as a slow tipping point in the global carbon cycle. Proceedings of the
National Academy of Sciences of the United States of America, 106(49), 20,596-20,601.

Bahk, J. J., Um, I. K, & Holland, M. (2011). Core lithologies and their constraints on gas-hydrate occurrence in the East Sea, offshore Korea:
Results from the site UBGH1-9. Marine and Petroleum Geology, 28(10), 1943-1952.

Boswell, R. (2009). Is gas hydrate energy within reach? Science, 325(5943), 957-958.

Boswell, R, Collett, T. S., Frye, M., Shedd, W., McConnell, D. R., & Shelander, D. (2012). Subsurface gas hydrates in the northern Gulf of Mexico.
Marine and Petroleum Geology, 34(1), 4-30.

Bryant, S. L., Mellor, D. W., & Cade, C. A. (1993). Physically representative network models of transport in porous media. AIChE Journal, 39(3),
387-396.

Chatterjee, S., Bhatnagar, G., Dugan, B., Dickens, G. R., Chapman, W. G., & Hirasaki, G. J. (2014). The impact of lithologic heterogeneity and
focused fluid flow upon gas hydrate distribution in marine sediments. Journal of Geophysical Research: Solid Earth, 119, 6705-6732.
https://doi.org/10.1002/2014JB011236

Chong, Z. R, Yang, S. H. B., Babu, P, Linga, P, & Li, X. S. (2016). Review of natural gas hydrates as an energy resource: Prospects and
challenges. Applied Energy, 162, 1633-1652.

Clennell, M. B., Hovland, M., Booth, J. S., Henry, P, & Winters, W. J. (1999). Formation of natural gas hydrates in marine sediments: 1. Concep-
tual model of gas hydrate growth conditioned by host sediment properties. Journal of Geophysical Research, 104(B10), 22,985-23,003.

Collett, T. S. (2002). Energy resource potential of natural gas hydrates. AAPG bulletin, 86(11), 1971-1992.

Collett, T.S., Lee, M. W,, Zyrianova, M. V., Mrozewski, S. A., Guerin, G., Cook, A. E., & Goldberg, D. S. (2012). Gulf of Mexico Gas Hydrate Joint
Industry Project Leg Il logging-while-drilling data acquisition and analysis. Marine and Petroleum Geology, 34(1), 41-61.

Cook, A. E., Anderson, B. I, Rasmus, J., Sun, K, Li, Q, Collett, T. S, & Goldberg, D. S. (2012). Electrical anisotropy of gas hydrate-bearing sand
reservoirs in the Gulf of Mexico. Marine and Petroleum Geology, 34(1), 72-84.

Cook, A. E., & Malinverno, A. (2013). Short migration of methane into a gas hydrate-bearing sand layer at Walker Ridge, Gulf of Mexico.
Geochemistry, Geophysics, Geosystems, 14, 283-291. https://doi.org/10.1002/ggge.20040

Daigle, H., & Dugan, B. (2011). Capillary controls on methane hydrate distribution and fracturing in advective systems. Geochemistry,
Geophysics, Geosystems, 12, Q01003. https://doi.org/10.1029/2010GC003392

Davie, M. K., Zatsepina, O. Y., & Buffett, B. A. (2004). Methane solubility in marine hydrate environments. Marine Geology, 203(1), 177 -184.

Day-Stirrat, R. J., Flemings, P. B., You, Y., Aplin, A. C., & van der Pluijm, B. A. (2012). The fabric of consolidation in Gulf of Mexico mudstones.
Marine Geology, 295, 77 -85.

Dickens, G. R. (2003). Rethinking the global carbon cycle with a large, dynamic and microbially mediated gas hydrate capacitor. Earth and
Planetary Science Letters, 213(3), 169-183.

Dickens, G. R., O'Neil, J. R, Rea, D. K., & Owen, R. M. (1995). Dissociation of oceanic methane hydrate as a cause of the carbon isotope
excursion at the end of the Paleocene. Paleoceanography, 10(6), 965-971.

Dugan, B. (2008). Fluid flow in the Keathley Canyon 151 mini-basin, northern Gulf of Mexico. Marine and Petroleum Geology, 25(9), 919-923.

Ellis, D. V., & Singer, J. M. (2007). Well logging for Earth scientists (Vol. 692). Dordrecht: Springer.

Forrest, J., Marcucci, E., & Scott, P. (2005). Geothermal gradients and subsurface temperatures in the northern Gulf of Mexico. Gulf Coast
Association of Geological Societies Transactions, 55, 233 -248.

Frye, M., Shedd, W., & Boswell, R. (2012). Gas hydrate resource potential in the Terrebonne Basin, Northern Gulf of Mexico. Marine and
Petroleum Geology, 34(1), 150-168.

Handwerger, A. L., Rempel, A. W,, & Skarbek, R. M. (2017). Submarine landslides triggered by destabilization of high-saturation hydrate
anomalies. Geochemistry, Geophysics, Geosystems, 18, 2429-2445. https://doi.org/10.1002/2016GC006706

Harrison, W. J., & Summa, L. L. (1991). Paleohydrology of the Gulf of Mexico basin. American Journal of Science, 291(2), 109-176.

Henry, P, Thomas, M., & Clennell, M. B. (1999). Formation of natural gas hydrates in marine sediments: 2. Thermodynamic calculations of
stability conditions in porous sediments. Journal of Geophysical Research, 104(B10), 23,005-23,022.

Hillman, J. 1., Cook, A. E., Daigle, H., Nole, M., Malinverno, A., Meazell, K., & Flemings, P. B. (2017). Gas hydrate reservoirs and gas migration
mechanisms in the Terrebonne Basin, Gulf of Mexico. Marine and Petroleum Geology, 86, 1357 -1373. The Ohio State Univ., Columbus, OH
(United States); Univ of Texas at Austin, Austin, TX (United States).

Homola, K., Johnson, H. P, & Hearn, C. (2015). In situ measurements of thermal diffusivity in sediments of the methane-rich zone of Cascadia
Margin, NE Pacific Ocean. Elementa Science of the Anthropocene, 3, 39. https://doi.org/10.12952/journal.elementa.000039

Irizarry, J. T. (2015). Modeling the effects of three-dimensional pore geometry on gas hydrate phase stability (M.Sc. Dissertation), University
of Oregon.

Ito, T., Komatsu, Y., Fujii, T, Suzuki, K., Egawa, K., Nakatsuka, Y., et al. (2015). Lithological features of hydrate-bearing sediments and their
relationship with gas hydrate saturation in the eastern Nankai Trough, Japan. Marine and Petroleum Geology, 66, 368-378.

Kayen, R.E., & Lee, H. J. (1991). Pleistocene slope instability of gas hydrate-laden sediment on the Beaufort sea margin. Marine Georesources
and Geotechnology, 10(1-2), 125-141.

Krumbein, W. C., & Monk, G. D. (1943). Permeability as a function of the size parameters of unconsolidated sand. Transactions of the AIME,
151(01), 153-163.

Kvenvolden, K. A. (1993). Gas hydrates— Geological perspective and global change. Reviews of geophysics, 31(2), 173-187.

Kvenvolden, K. A. (2002). Methane hydrate in the global organic carbon cycle. Terra Nova, 14(5), 302-306.

Liu, X., & Flemings, P. B. (2007). Dynamic multiphase flow model of hydrate formation in marine sediments. Journal of Geophysical Research,
112,B03101. https://doi.org/10.1029/2005JB004227

Liu, X, & Flemings, P. B. (2011). Capillary effects on hydrate stability in marine sediments. Journal of Geophysical Research, 116, B07102.
https://doi.org/10.1029/2010JB008143

Lu, H., Kawasaki, T., Ukita, T., Moudrakovski, 1., Fujii, T., Noguchi, S., et al. (2011). Particle size effect on the saturation of methane hydrate in
sediments-constrained from experimental results. Marine and Petroleum Geology, 28(10), 1801-1805.

Malinverno, A. (2010). Marine gas hydrates in thin sand layers that soak up microbial methane. Earth and Planetary Science Letters, 292(3),
399-408.

Malinverno, A., & Goldberg, D. S. (2015). Testing short-range migration of microbial methane as a hydrate formation mechanism: Results
from Andaman Sea and Kumano Basin drill sites and global implications. Earth and Planetary Science Letters, 422, 105-114.

Maslin, M., Owen, M., Day, S., & Long, D. (2004). Linking continental-slope failures and climate change: Testing the clathrate gun hypothesis.
Geology, 32(1), 53-56.

Mclver, R. D. (1982). Role of naturally occurring gas hydrates in sediment transport. AAPG bulletin, 66(6), 789-792.

VANDERBEEK AND REMPEL

5410


https://doi.org/10.1002/2014JB011236
https://doi.org/10.1002/ggge.20040
https://doi.org/10.1029/2010GC003392
https://doi.org/10.1002/2016GC006706
https://doi.org/10.12952/journal.elementa.000039
https://doi.org/10.1029/2005JB004227
https://doi.org/10.1029/2010JB008143

~1
AGU

100 Journal of Geophysical Research: Solid Earth 10.1029/2017JB015298

ADVANCING EARTH
AND SPACE SCIENCE

Mienert, J,, Vanneste, M., Biinz, S., Andreassen, K., Haflidason, H., & Sejrup, H. P. (2005). Ocean warming and gas hydrate stability on the
mid-Norwegian margin at the Storegga Slide. Marine and Petroleum Geology, 22(1), 233 -244.

Milkov, A. V. (2004). Global estimates of hydrate-bound gas in marine sediments: How much is really out there?Earth-Science Reviews, 66(3),
183-197.

Milkov, A. V., Sassen, R., Novikova, |, & Mikhailov, E. (2000). Gas hydrates at minimum stability water depths in the Gulf of Mexico:
Significance to geohazard assessment. Gulf Coast Association of Geologic Societies Transactions, 50, 217 -224.

Nimblett, J., & Ruppel, C. (2003). Permeability evolution during the formation of gas hydrates in marine sediments. Journal of Geophysical
Research, 108(B9), 2420. https://doi.org/10.1029/2001JB001650

Nisbet, E. G., & Piper, D. J. (1998). Giant submarine landslides. Nature, 392(6674), 329-330.

Nole, M., Daigle, H., Cook, A. E., Hillman, J. I, & Malinverno, A. (2017). Linking basin-scale and pore-scale gas hydrate dis-
tribution patterns in diffusion-dominated marine hydrate systems. Geochemistry, Geophysics, Geosystems, 18, 653-675.
https://doi.org/10.1002/2016GC006662

Nole, M., Daigle, H., Cook, A. E., & Malinverno, A. (2016). Short-range, overpressure-driven methane migration in coarse-grained gas hydrate
reservoirs. Geophysical Research Letters, 43, 9500-9508. https://doi.org/10.1002/2016GL070096

Paull, C. K., Buelow, W. J., Ussler, W., & Borowski, W. S. (1996). Increased continental-margin slumping frequency during sea-level lowstands
above gas hydrate-bearing sediments. Geology, 24(2), 143-146.

Paull, C. K., & Dillon, W. P. (Eds.) (2001). Natural gas hydrates: Occurrence, distribution, and detection, Geophysical Monograph Series (Vol. 124,
pp. 315). Washington, DC: American Geophysical Union.

Pohlman, J. W., Kaneko, M., Heuer, V. B., Coffin, R. B., & Whiticar, M. (2009). Methane sources and production in the northern Cascadia margin
gas hydrate system. Earth and Planetary Science Letters, 287(3), 504-512.

Pohlman, J. W., Ruppel, C., Hutchinson, D. R.,, Downer, R., & Coffin, R. B. (2008). Assessing sulfate reduction and methane cycling in a high
salinity pore water system in the northern Gulf of Mexico. Marine and Petroleum Geology, 25(9), 942-951.

Rehder, G, Kirby, S. H., Durham, W. B,, Stern, L. A, Peltzer, E. T, Pinkston, J., & Brewer, P. G. (2004). Dissolution rates of pure methane hydrate
and carbon-dioxide hydrate in undersaturated seawater at 1000-m depth. Geochimica et Cosmochimica Acta, 68(2), 285-292.

Rempel, A. W. (2011). A model for the diffusive growth of hydrate saturation anomalies in layered sediments. Journal of Geophysical
Research, 116, B10105. https://doi.org/10.1029/2011JB008484

Rempel, A. W., & Buffett, B. A. (1997). Formation and accumulation of gas hydrate in porous media. Journal of Geophysical Research, 102,
10,151-10,164.

Rose, K. K., Johnson, J. E,, Torres, M. E., Hong, W. L., Giosan, L., Solomon, E. A,, et al. (2014). Anomalous porosity preservation and preferential
accumulation of gas hydrate in the Andaman accretionary wedge, NGHP-01 Site 17A. Marine and Petroleum Geology, 58, 99-116.

Sloan, E. D. (2003). Fundamental principles and applications of natural gas hydrates. Nature, 426(6964), 353 -363.

Torres, M. E., Trehu, A. M., Cespedes, N., Kastner, M., Wortmann, U. G., Kim, J. H., et al. (2008). Methane hydrate formation in turbidite
sediments of northern Cascadia, IODP Expedition 311. Earth and Planetary Science Letters, 271(1), 170-180.

Waseda, A. (1998). Organic carbon content, bacterial methanogenesis, and accumulation processes of gas hydrates in marine sediments.
Geochemical Journal, 32(3), 143-157.

Winters, W., Walker, M., Hunter, R,, Collett, T., Boswell, R., Rose, K., et al. (2011). Physical properties of sediment from the Mount Elbert gas
hydrate stratigraphic test well, Alaska North Slope. Marine and Petroleum Geology, 28(2), 361-380.

Winters, W. J., Wilcox-Cline, R. W., Long, P, Dewri, S. K., Kumar, P, Stern, L., & Kerr, L. (2014). Comparison of the physical and geotechnical
properties of gas-hydrate-bearing sediments from offshore India and other gas-hydrate-reservoir systems. Marine and petroleum geology,
58,139-167.

You, K., & Flemings, P. B. (2017). Methane hydrate formation in thick sand reservoirs: 1. Short-range methane diffusion. Marine and Petroleum
Geology, 89, 428-442.

Zachos, J. C., Dickens, G. R., & Zeebe, R. E. (2008). An early Cenozoic perspective on greenhouse warming and carbon-cycle dynamics.
Nature, 451(7176), 279-283.

Zatsepina, O. Y., & Buffett, B. A. (2003). Nucleation of gas hydrate in marine environments. Geophysical Research Letters, 30(9), 1451.
https://doi.org/10.1029/2002GL016802

VANDERBEEK AND REMPEL

5411


https://doi.org/10.1029/2001JB001650
https://doi.org/10.1002/2016GC006662
https://doi.org/10.1002/2016GL070096
https://doi.org/10.1029/2011JB008484
https://doi.org/10.1029/2002GL016802

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


