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ABSTRACT

Multi-phase fluid flow is critical to the formation and concentration of gas hydrate
in marine sediments. A transient, multi-phase (hydrate, gas and liquid) fluid and heat
flow model is presented to describe hydrate formation in porous media. Fluid flux and
physical properties of sediment largely control the dynamics of gas hydrate formation and
free gas migration. In fine-grained sediments, hydrate formation leads to rapid
permeability reduction and capillary sealing. Free gas accumulates below the hydrate
layer until a critical gas column builds up, thereby forcing gas upward to the seafloor. In
coarse-grained sediments, large volumes of gas are transported into the hydrate region to
produce a significant change in salinity. An interconnected three-phase zone with high
hydrate concentration and elevated salinity develops from the base of hydrate stability to
the seafloor. Both processes may drive gas venting through the hydrate stability zone.

We also extend these models to demonstrate that the likely impact of climatic
warming events on marine hydrate reservoirs. If hydrates are originally formed in the
two-phase region, dissociated methane cannot be released to the ocean until the warming
at the seafloor exceeds a critical value. However, all of hydrates formed within the three-
phase zone are already at the dissociation boundary. Thus they can be affected by small

warming events and are most susceptible to environmental changes.
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Chapter 1

INTRODUCTION

Gas hydrate is an ice-like mineral that contains methane or other low molecular
weight gases (e.g., ethane, CO,, H,S) in a lattice of water molecules [Sloan, 1998]. Most
of the naturally occurring hydrates are methane hydrate. Methane hydrates are stable
under the low-temperature and high-pressure conditions commonly found in the Arctic
and near the seafloor at water depths >300 m [Kvenvolden, 1993]. Hydrates are common
beneath the slope of both active (e.g., Hydrate Ridge, offshore Oregon) and passive (e.g.,
Blake Ridge, offshore Carolinas) continental margins, where adequate supplies of gas are
available [Hyndman and Davis, 1992]. The large volume of gas stored in hydrate
structures represents a significant fraction of the global methane budget [Kvenvolden,
1993] and may be a potential energy resource for the future [Milkov and Sassen, 2002].
Pressure increase due to rapid hydrate decomposition may contribute to failure along
continental margins where gas hydrate is found [Kayen and Lee, 1991; Paull et al.,
1996]. Several authors [Nisbet, 1990; Dickens et al., 1995; Kennett et al., 2000; Dickens,
2003] have suggested that dissociation of subsurface gas hydrates in response to changes
in ambient conditions may play an important role in the past and present climates.

The previous studies have underestimated the fundamental link between the gas
transport mechanism and the formation and concentration of gas hydrate. We analyze gas

hydrate provinces as hydrologic systems. In this study, through integrated field, modeling



and experimental analysis, we quantitatively address (1) the hydrologic factors that
control hydrate formation and distribution, (2) the critical role of free gas migration in
hydrate formation, (3) the amounts of methane in gas hydrate and underlying free gas, (4)
the response of hydrate system to seafloor changes in temperature and pressure.

There is emerging evidence for free gas migration within gas hydrate provinces.
In Chapter 2, we present a conceptual model for free gas migration through the hydrate
stability zone without being converted into gas hydrate. This conceptual model nicely ties
together several lines of observations from southern Hydrate Ridge, offshore Oregon.
Core and log data show that three-phase equilibrium may exist in the uppermost 50 m
sediments below seafloor at the ridge crest.

In Chapter 3, we develop a numerical, multiphase fluid and heat flow model to
better understand the processes that determine the distribution, nature and concentration
of gas hydrates in marine environments. We show that sediment lithology and fluid flux
are the critical parameters controlling the dynamics of gas hydrate deposits and free gas
migration. Recent seismic evidences suggest that the base of the hydrate stability zone
commonly shows topography. The model described above is extended to two dimensions
to study the relative importance of several mass transport processes in the formation of
hydrate-driven fluid features (e.g., gas chimney).

The process of methane release to the ocean is also a multiphase fluid flow
problem within a sediment-gas-water system. In Chapter 4, we explore how hydrate
reservoirs respond to environmental changes, including exactly how dissociated methane
escapes to the ocean. We show that the hydrate system at South Hydrate Ridge is already

everywhere at the three-phase boundary, and therefore it is highly sensitive to changes in



ambient conditions, offering a mechanism for rapid release of methane from gas hydrate

deposits.



Chapter 2

PASSING GAS THROUGH THE HYDRATE STABILITY ZONE AT

SOUTHERN HYDRATE RIDGE, OFFSHORE OREGON

Abstract

We present an equilibrium model of methane venting through the hydrate stability
zone at southern Hydrate Ridge, offshore Oregon. Free gas supplied from below forms
hydrate, depletes water, and elevates salinity until pore water is too saline for further
hydrate formation. This system self-generates local three-phase equilibrium and allows
free gas migration to the seafloor. Log and core data from Ocean Drilling Program (ODP)
Site 1249 show that from the seafloor to 50 meters below seafloor (mbsf), pore water
salinity is elevated to the point where liquid water, hydrate and free gas coexist. The
elevated pore water salinity provides a mechanism for vertical migration of free gas
through the regional hydrate stability zone (RHSZ). This process may drive gas venting
through hydrate stability zones around the world. Significant amount of gaseous methane

can bypass the RHSZ by shifting local thermodynamic conditions.



1. Introduction

Gas hydrate is an ice-like compound that contains methane and/or other low
molecular weight gas in the lattice of water molecules [Sloan, 1998]. Although most of
the seafloor lies within the low-temperature and high-pressure conditions necessary for
hydrate formation, hydrate is generally found in sediments along continental margins
[Kvenvolden, 1993], where adequate supplies of gas are available [Hyndman and Davis,
1991]. The large volumes of gas stored in hydrate are a potential energy resource [Milkov
and Sassen, 2002]. Release of large volumes of methane from hydrate into the ocean and
atmosphere may play a role in the past climate change [Dickens et al., 1995; Kennett et
al., 2000; Dickens, 2003]. Pressure increase due to rapid hydrate decomposition may
contribute to failure along continental margins where gas hydrate is found [Kayen and
Lee, 1991; Paull et al., 1996].

Southern Hydrate Ridge lies at ~800 m water depth in the Cascadia accretionary
complex (Fig. 2-1). A bottom-simulating reflector (BSR) is imaged pervasively beneath it
[Trehu et al., 1999]. The BSR is a strong, negative-polarity, strata-crossing, seismic
reflector that mimics the seabed and records the phase boundary between gas hydrate
above and free gas below [Bangs et al., 1993; Holbrook et al., 1996]. Gas vents, hydrate
outcrops, authigenic carbonate deposits, and chemosynthetic organisms are present on the
seafloor [Suess et al., 1996; Heeschen et al., 2002]. A 50-m-high pinnacle of authigenic
carbonate is located ~350 m southwest of the summit [7rehu et al., 2003]. Beneath the
Pinnacle, there is a zone of low reflectivity (wipeout) overlying a weak and disrupted

BSR (Fig. 2-2).
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Fig. 2-2: Seismic cross section through the summit (A-A'" in Fig. 2-1, modified
from [Trehu et al., 2003]. The bottom-simulating reflector (BSR) is a negative-
polarity reflection that marks the phase boundary between gas hydrate above and
free gas below. A bright, negative-polarity reflection (Horizon A) stretches laterally
beneath the BSR. High free gas saturations are present over some distance within
Horizon A [Trehu et al., 2004a]. The BSR is disrupted where Horizon A crosses
the RHSZ but is continuous elsewhere. A low-amplitude chimney is present above
the disrupted BSR and is capped by a seafloor pinnacle. TWT - two-way
traveltime.



Hydrate stability depends on pressure, temperature, the gas concentration in the
surrounding pore water, and the activity of water [Sloan, 1998] (Fig. 2-3). Liquid
(subscript L) and gas (subscript G) coexist below the three-phase equilibrium curve,
while liquid and hydrate (subscript H) coexist above it (Fig. 2-3C). We define the
regional hydrate stability zone (RHSZ) as the zone where hydrate is stable for seawater
salinity (550 mM CI'). At southern Hydrate Ridge, the base of the RHSZ is predicted to
be ~130 meters below seafloor (mbsf) (Fig. 2-3B). Water coexists with hydrate inside the
RHSZ, whereas water and free gas are stable below the RHSZ. In this stratified gas
hydrate system, the zone of three-phase equilibrium corresponds to a single depth (~130
mbsf) and free gas should not be present within the RHSZ.

However, there is abundant evidence that free gas exists and migrates inside the
RHSZ at southern Hydrate Ridge. Venting of methane bubbles at the seafloor indicates
rapid passage of methane-rich fluids through the RHSZ [Heeschen et al., 2002]. X-ray
computer tomography (CT) studies on near-surface samples record gas within hydrate
layers [Abegg et al., 2003]. Hydrate samples collected near the seafloor have a gas bubble
texture [Suess et al., 1999]. At ODP (Ocean Drilling Program) Site 1249, a PCS (Pressure
Core Sampler) measurement (~14 mbsf) records the presence of in situ free gas [Milkov
et al., 2004]. Core bulk density measured within a pressurized core taken at the same
depth was very low (~0.75 g/crn3 ) [Trehu et al., 2003].

Three mechanisms are envisaged for eruption of free gas through the RHSZ. First,
gas flow may be out of equilibrium with its surroundings due to kinetic effects [Haecke!
et al., 2004; Torres et al., 2004]. Second, hydrate formation may be limited by the

availability of water when gas is supplied in excess of its proportion in hydrate [Ginsburg
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and Soloviev, 1997; Clennell et al., 1999]. Third, the P-T boundary defining the RHSZ
may be perturbed upward by advecting warm fluids [Wood et al., 2002], capillary effects
in fine-grained sediments [Clennell et al., 1999; Henry et al., 1999], or high pore water
salinity [Haeckel et al., 2004; Milkov et al., 2004; Torres et al., 2004].

We build upon recent suggestions [Haeckel et al., 2004; Milkov et al., 2004;
Torres et al., 2004] that hyper-saline pore water shifts the three-phase stability boundary
to allow free gas migration through the RHSZ. We present an equilibrium model to
describe how the three-phase zone extends to the seafloor throughout the RHSZ and
permits methane gas to escape into the ocean. We predict the evolution and distribution
of salinity and gas hydrate along the gas migration path. The measured pore water
salinities at Site 1249 are corrected to the in situ conditions; the corrected salinities in the
upper ~50 mbsf agree well with model predictions, indicating that free gas and hydrate
coexist in situ. We propose that hydrate formation is a self-equilibrating process in
marine environments where a large volume of free gas is transported into the RHSZ.
2. Development of an equilibrium model for hydrate formation
2.1 Thermodynamic conditions for hydrate stability

The distribution of hydrate and free gas in the sediment column depends on two
P-T dependent equilibrium solubility curves (Fig. 2-3A): (1) the liquid-hydrate (L+H)
methane solubility curve where gas hydrate is at equilibrium with dissolved gas in water,
and free gas is absent; and (2) the liquid-gas (L+G) methane solubility curve where free
gas is at equilibrium with dissolved gas in water, and hydrate is absent. Duan et al.’s

model [1992] is used to predict the L+G equilibrium. Henry et al.’s model [1999] is used
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to predict the L+H equilibrium (Appendix A). Comparison of model predictions with the
CSMHYD hydrate program [Sloan, 1998] shows good agreement.

The L+H solubility increases downward from the seafloor, while the L+G
solubility slightly increases upward to the seafloor. At their intersection, three-phase
equilibrium is present and CHy4 solubility reaches a maximum (Fig. 2-3A). The base of
the RHSZ is located at the three-phase equilibrium for CH4 + seawater salinity. When
dissolved CH4 concentration exceeds the solubility, hydrate is stable within the RHSZ
while free gas is stable below the RHSZ.

Doubling pore water salinity from 550 to 1100 mM CI reduces the L+G solubility
by 15%, while the L+H solubility is relatively insensitive to the salinity increase (Fig. 2-
3A). As a result, the intersection of the two solubility curves, and hence the base of the
hydrate stability zone, shifts upward from 130 to 90 mbsf (Fig. 2-3B). Elevated pore
water salinity decreases hydrate stability conditions (Fig. 2-3C).

2.2 Hydrate formation and salinity increase in a box model

We explore how salinity change that occurs during hydrate formation affects
hydrate stability. A sediment volume within the RHSZ is initially saturated with seawater
(550 mM CI’) and local thermodynamic equilibrium is assumed. Pressure and
temperature are assumed constant (volume expansion and latent heat of hydrate
formation are ignored). Free methane gas is supplied to the sediment volume from below.
This system is analogous to natural systems where abundant gas is supplied to sediment
of low permeability.

Hydrate, like water ice, excludes dissolved salt during its formation, which

increases the salinity of the surrounding pore water [Hesse and Harrison, 1981].
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Assuming there is no hydrate present initially and that all salts remain dissolved in water,
then mass conservation of salts yields the relation between pore water salinity (C), initial
salinity (C;) and hydrate saturation (S):

Ci
1-8,

. (2-1)

As written, Sj, in Eq. 2-1 is the fraction of original pore space filled with hydrate
assuming no volume change when the liquid forms hydrate. In fact, because we have
assumed constant pressure and temperature, there will be volume expansion, first as the
gas and water form hydrate and second as gas continues to be added after three-phase
stability is achieved. Xu [2002; 2004] treated this problem more rigorously.

With addition of methane, the system evolves from a single phase (L) to two
phases (L+H), to three phases (L+H+G) (Fig. 2-4). Initially all the methane is dissolved
in water (L) and hydrate is absent. As methane is added, the methane concentration
increases until it reaches the L+H solubility limit whereupon hydrate forms. Thereafter,
the amount of methane in solution is limited by the solubility (Fig. 2-4D) and additional
methane is transferred to the growing hydrate phase (Fig. 2-4A). During the L+H stage,
the liquid is progressively enriched in salt with continued hydrate formation as described
by Eq. 2-1 (Fig. 2-4B). The L+H solubility decreases slightly while the L+G solubility
decreases significantly (Fig. 2-4D). The increase in salinity causes an increase in the
fugacity of methane in the liquid phase (") (Fig. 2-4C).

Once the fugacity of methane in solution (f{"*) equals that of gaseous methane

(f5") (Fig. 2-4C), three-phase equilibrium between hydrate, salt solution and free gas is

achieved. The L+G and L+H methane solubilities are the same at three-phase equilibrium

12
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areas respectively. Dashed lines in (C) and (D) indicate the fugacity
and concentration of dissolved CH4 that would be in equilibrium with
free gas if hydrate did not form.



(Fig. 2-4D). At this critical state, there is no further hydrate formation and any additional
methane is present in the gas phase.
2.3 Hydrate formation by upward migration of free gas in a sediment column

We next describe how hydrate saturation and salinity evolve in a sediment column
that is initially filled with seawater (Fig. 2-5). Free gas is supplied from below the RHSZ.
We assume vertical gas flow, local thermodynamic equilibrium, that there is no water
flux, and that there is no large-scale diffusion. Volume change and latent heat of hydrate
formation are not considered; thus the temperature gradient is assumed constant and the
pressure profile is assumed hydrostatic.

Initially, gas enters the base of the RHSZ and becomes hydrated. As hydrate
forms, pore water salinity increases until free gas can coexist with hydrate (Figure 5,
Time 1). At this point, gas migrates further upward and hydrate forms at successively
shallower depths (Fig. 2-5, Time 2). A sharp front in hydrate saturation and salinity is
present at the top of the gas invasion zone and it moves upward with time. Ultimately, the
three-phase zone expands to the seafloor (Fig. 2-5, Time 3). At this point, there is a
steady gas flow from below the RHSZ to the seafloor, the system is everywhere in three-
phase equilibrium, and gas is vented into the ocean.

This process of hydrate formation is termed a flow-controlled front reaction
[Phillips, 1991]. Hydrate is formed as an advancing reaction front that separates the
three-phase stability region behind from the unaltered region ahead. Behind the front, the
water available for hydrate formation is not completely depleted, but the high salinity of
the residual water prevents its reaction with gas to form more hydrate at the ambient P-T

conditions. Hydrate formation only occurs at the reaction front where both water and gas
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column due to the sustained gas flux from below. Initially, free gas migrates
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the seafloor and a gas vent is formed.
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(i.e., reactants) are available. Ultimately, the reaction front propagates to the seafloor. In
this model hydrate formation is essentially limited by the availability of pure water.

The salinity necessary for three-phase equilibrium increases upward toward the
seafloor (Fig. 2-5). Near the base of the RHSZ, the P-T conditions are close to the
expected three-phase boundary for seawater salinity. Thus only a small amount of
hydrate forms before salinity builds enough to achieve three-phase equilibrium. In
contrast, the P-T conditions at the seafloor are furthest away from the expected three-
phase boundary for seawater salinity. The salinity required for three-phase equilibrium is
not achieved until hydrate saturation increases to ~70%.

When the three-phase zone reaches the seafloor, there is a steady state (Fig. 2-5,
Time 3): methane released at the seafloor equals that delivered at the base of the RHSZ
and no more hydrate accumulates. The steady-state hydrate saturation and salinity
profiles are independent of the gas supply rate and depend only on pressure and
temperature. The gas flux does control the rate at which the three-phase zone propagates
to the seafloor.

We can test the assumption of local equilibrium through calculating the

equilibration length (/,) [Phillips, 1991], which is
I =—%,(2-2)
i

where u, is the gas Darcy velocity and y is the reaction rate constant. /. is the
characteristic distance in the flow direction over which free gas remains out of
equilibrium with its surroundings. If /, is much smaller than the model dimensions, non-
equilibrium effects are negligible. Experiments on hydrate formation suggest that y = 10~

s [Rempel and Buffett, 1997] and the distance between the BSR and the seafloor is on
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the order of 100 m. Under these conditions, the Darcy velocity must be much less than
0.1 ms™ for local equilibrium to be present.

We also assumed no large-scale diffusion. In fact, there is a vertical zone of
elevated salinity through which gas is being transported within the RHSZ. Lateral
diffusion of CI” will occur from this saline gas chimney to the bounding normal salinity
pore water. Loss of salt through lateral diffusion would shift the thermodynamic
equilibrium, allow more hydrate formation [7orres et al., 2004], and deplete upward gas
flow. If vertical gas supply far exceeds gas depletion that is caused by lateral diffusion of
salt (Appendix B), then hydrate formation will rapidly propagate upward and the lateral
diffusion of salt from the sides of the gas chimney can be neglected. Thus when gas flux
is high, the inherently three-dimensional problem of a gas chimney can be approximated
by the one-dimensional model. In contrast, if lateral diffusion of salt outpaces gas supply
from below, then three-phase equilibrium cannot be sustained. As a result, the chimney
will be restricted to the lower part of the RHSZ and free gas will not reach the seafloor.
3. Application to southern Hydrate Ridge
3.1 ODP Site 1249

ODP Site 1249 was drilled on the summit of southern Hydrate Ridge to a depth of
90 mbsf (Fig. 2-2). The BSR at this site is at ~115 mbsf. Sediments are mainly composed
of clay and silty clay [Trehu et al., 2003] and the permeability measured at Site 1244 is
low, ranging from 1.5x10™'® to 3x10™"" m* [Tan et al., submitted].

Log and core data from Site 1249 suggest that massive hydrate lenses extend to
30 mbsf near the summit of southern Hydrate Ridge (Fig. 2-6). The caliper log indicates

an oversized borehole that may be associated with dissociated hydrate in the upper 10
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mbsf (Fig. 2-6B). Between 10 and 20 mbsf, several massive gas hydrate layers have high
resistivities (20 to 100 Qm) and low formation densities (as low as 1.1 g/cm3).
Pressurized cores recovered from 8 and 14 mbsf indicate hydrate pore volume saturations
of ~45% [Trehu et al., 2004b]. Negative thermal anomalies, probably caused by adiabatic
gas expansion and/or endothermic hydrate dissociation, are commonly measured (Fig. 2-
6C).

Below 30 mbsf, logs reveal a 20-m-thick, high-resistivity zone with peak values
exceeding 160 Qm at 35 mbsft (Fig. 2-6B). Thermal anomalies and mousse-like textures
resulting from hydrate dissociation are observed throughout this interval. Surprisingly,
the PCS core recovered from 34 mbsf only contains hydrate of ~5% pore volume [Trehu
et al., 2004b] (Fig. 2-7A). Core recovery improved significantly below 30 mbsf.

Pore fluids collected from the upper 20 mbsf at Site 1249 are enriched in CI" (Fig.
2-6D). Torres et al. [2004] described how these interstitial water (IW) samples were
obtained and showed that pore water chlorinity reaches 1008 mM at ~7 mbsf. Pairs of
wet and adjacent dry sediment intervals were analyzed immediately after retrieval
[Torres et al., 2004]. Pore fluids in the dry-looking samples have a CI maximum of 1368
mM at ~10 mbsf. Milkov et al. [2004] estimated in situ salinity and gas concentration
through degassing a PCS core (~14 mbsf; star in Fig. 2-6D) and found that the in situ
salinity (~1750 mM CI') approximates the value required for three-phase equilibrium at
that depth. Below 20 mbsf, high-chloride brines give way to the low-chloride anomalies.
3.2 ODP Site 1249: In situ salinity and water saturation

Pore water salinities measured from IW samples record both the in-situ salinity

and a freshening component due to hydrate dissociation during retrieval [Trehu et al.,
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2003]. The in situ salinity may be calculated from a combination of electrical resistivity
log, core-derived porosity and pore fluid salinity [Hyndman et al., 1999].

Archie’s law describes the relation between formation resistivity (R;) and water
saturation (S),):

s,"= R (23
"R,

where 7 is the saturation exponent, a is the tortuosity coefficient and m is the cementation
coefficient. The core-derived porosity ¢ is known from shipboard moisture and density
measurements [7rehu et al., 2003]. We derive a and m by cross-plotting LWD resistivity
vs. core-derived porosity from Site 1250 below the BSR where there is no free gas (i.e.,
S,, = 1) and pore fluid salinity is assumed to equal that of seawater. We find ¢=3.65 and
m=0.5. These parameters are close to that derived from ODP Site 891 (a=5.8, m=0.8)
[Spangenberg, 2001]. At relatively low S,,, the water phase may form discrete drops
within the pores [Spangenberg, 2001] and n is relatively high. We take n=1.9386 [Collett
and Ladd, 2000] for Site 1250 and n=4 [Spangenberg, 2001] for Site 1249. The latter
value is high because Site 1249 is inferred to have low S,,.

We use an iterative method to estimate in situ salinity (Ciysiry) and water
saturation, because Ciysiry affects the resistivity. Pore-water resistivity (Ry,) is calculated
as a function of temperature and salinity [Schlumberger, 1989]. The core-measured
salinity (Cyw) and its associated pore-water resistivity are initially input into Eq. 2-3 to
obtain S),. We assume that the dissociated hydrate produces an equal volume of
freshwater; thus we use Cinsine=Ciw/Sw to estimate the in situ salinity. Pore-water

resistivity changes accordingly and S,, is recalculated. The iterative process is continued
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until the in situ salinity and water saturation do not change. The solution generally
converges after a few iterations.

We calculate that /-S), ranges from 20 to 80% at Site 1249 (triangle in Fig. 2-7A).
1-S,, rapidly increases from the seafloor to 80% at 20 mbsf and there is a spike at 10 mbsf.
Between 20 and 50 mbsf, /-S,, is ~80%. Beneath 50 mbsf, /-S,, decreases to 20%.
Compared to the iterative method, the standard Archie calculation with the measured
salinity (solid line in Fig. 2-7A) [Collett and Ladd, 2000] underestimates /-S,, by 5-10%.

The sediment pores must be filled with water, hydrate and/or free gas in situ.
However, resistivity alone cannot distinguish the fraction of the pore space not filled with
water (/-S,), because both free gas and hydrate have high resistivity [Trehu et al., 2004b].
Milkov et al. [2004] indicated that the pore space at 14 mbsf from Site 1249 had 40%
hydrate and 10% free gas. Schowalter [1979] determined experimentally that 10% gas
saturation is required for gas migration in shale. Our best estimate is that gas saturation is
equal to or more than 10%; thus hydrate saturations are less than 70% at Site 1249.

The in situ salinity is much higher than that measured by pore-water squeezing
(Fig. 2-7B). The zone between the seafloor and 50 mbsf has CI” concentrations of up to
2600 mM. In this zone, the in sifu salinity gradually decreases with depth and the values
are in general agreement with salinities inferred from a PCS core (star in Fig. 2-7B)
[Milkov et al., 2004]. Below this zone, there is an abrupt downward decrease in salinity
and in /-S,,.

We interpret that three phases (gas, hydrate and water) coexist from the seafloor

to 50 mbsf at Site 1249 (gray area in Fig. 2-7). In this zone, the in situ salinity falls near
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the three-phase equilibrium curve. However, beneath 50 mbsf, the in sifu salinity is below
the three-phase equilibrium curve and only two phases (hydrate and water) coexist.
3.3 ODP Site 1250: In situ salinity and water saturation

ODP Site 1250 was drilled 350 m southwest of ODP Site 1249 and 100 m east of
the Pinnacle (Fig. 2-2). Site 1250 has a high-resistivity zone (~3 Q2m) near the seafloor
(Fig. 2-8B). Core recovery from this interval was poor. Below this interval, resistivity
increases with depth and there are zones of high resistivity. Extensive cold anomalies are
present (Fig. 2-8C), but poor core recovery limits detection of near-surface hydrate.

The pore fluids recovered from the upper 20 mbsf at Site 1250 also show CI’
enrichment (Fig. 2-8D); however, it is significantly lower than the enrichment measured
at Site 1249. CI reaches a maximum value of 613 mM at 13.9 mbsf. Below 30 mbsf, the
CI" concentration is less than that of seawater. We use Eq. 2-3 to calculate /-S), as
described for Site 1249. At Site 1250, hydrate is concentrated in a 10-m-thick zone just
below the seafloor and the maximum /-S,, approaches 40% (Fig. 2-9A). Below this
interval, hydrate is distributed over a broad depth range and /-S,, increases from
approximately zero at 40 mbsf to 20% at the BSR (~114 mbsf).

The in situ salinity is lower at equivalent depths at Site 1250 than at Site 1249.
The in situ salinity at Site 1250 only slightly exceeds the measured salinity (Fig. 2-9B),
even in the near-surface hydrate zone. The in situ salinity falls below the three-phase
equilibrium curve, indicating that only hydrate and water should coexist above the BSR

at Site 1250.
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4. Discussion

We have presented a model to describe how marine gas hydrate systems with
abundant gas supply create local equilibrium conditions that allow free gas migration
through the hydrate stability zone. Focused gas flow generates a local, moving, three-
phase reaction front. The pore water salinity is buffered at the equilibrium value: hydrate
forms until salinity increases to the point where free gas is stable and thereafter, gas
migrates through the zone. The model provides a simple explanation for the presence of
free gas within the RHSZ, does not rely on kinetics [7orres et al., 2004], and extends
studies that suggest free gas is present within the RHSZ as a result of elevated salinity
[Milkov et al., 2004; Torres et al., 2004].

We document a zone of three-phase stability between the seafloor and 50 mbsf at
ODP Site 1249 and suggest that there is a zone of three-phase stability from the BSR to
the ridge crest where gas is venting today. The high salinity hypothesis is linked to
observations of seismic wipeout zone located beneath the Pinnacle. Although southern
Hydrate Ridge is a specific case, this model may apply to other settings where free gas
migration within the hydrate stability zone has been inferred, such as the Gulf of Mexico
[MacDonald et al., 1994], the Cascadia margin offshore Vancouver [Wood et al., 2002],
the Caspian Sea [Ginsburg and Soloviev, 1997] and the Blake Ridge [Paull et al., 1995;
Taylor et al., 2000].
4.1 Comparisons to other hydrate formation models

Previous hydrate formation models assumed that methane is transported only in
the liquid phase by diffusion and slow advection [Rempel and Buffett, 1997; Xu and

Ruppel, 1999; Davie and Buffett, 2001; Davie and Buffett, 2003]. This hydrate
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accumulation process is termed a flow-controlled gradient reaction [Phillips, 1991].These
two-phase (hydrate and water + dissolved gas) models are only appropriate for low-
methane flux regions. In these models, the change in solubility within the RHSZ is too
small to generate a significant hydrate concentration and consequently no excess salinity
is generated. Hydrate is concentrated at the base of the hydrate stability zone where the
solubility gradient is greatest [Rempel and Buffett, 1997; Xu and Ruppel, 1999]. In
contrast, we suggest that where methane flux is high, it is transported as a separate gas
phase under buoyancy. Hydrate formation is limited by salt buildup and not by methane
supply, free gas is present throughout the RHSZ, gas actively vents the surface and
hydrate precipitates at or near the seafloor. In this model, salinity and hydrate saturation
increase upward towards the seafloor.
4.2 Two-dimensional free gas migration at southern Hydrate Ridge

The model presented here is one-dimensional, with gas supplied from below. At
southern Hydrate Ridge, the flow path is multi-dimensional (Fig. 2-10). Trehu et al.
[2004a] suggested that beneath the BSR, gas is focused laterally along a high-
permeability layer named Horizon A. Gas accumulated in Horizon A below the RHSZ
until its high pressure forced gas to migrate upward into the RHSZ. The elevated gas
pressure fractured the hydrate-bearing sediments and transported gas upward through the
hydrate layer. We suggest that gas migrated vertically below the Pinnacle. The BSR was
disrupted and the low-amplitude chimney was caused by upward migration of free gas
(Fig. 2-2). Subsequently, gas flow was diverted laterally by near-surface low-
permeability carbonate layers to the ridge summit where gas is actively venting at present

(Fig. 2-10) [Heeschen et al., 2002].
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the RHSZ. Gas is trapped beneath this hydrate seal until the pressure at the top of the

gas column is high enough to drive gas into the RHSZ. High gas flux from Horizon
A initiates rapid hydrate formation and pore water salinity is increased to the point
where free gas will locally be thermodynamically stable. The massive, near-surface
carbonate deposits form an impermeable barrier. As a result, the gas rising from
depth is laterally diverted to the crest.
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Sediments at southern Hydrate Ridge contain mainly microbial C; but Cy+
hydrocarbon gases of thermogenic origin are also present. The three-phase zones are
enriched in C,. At Site 1249, the C,/C; ratio is constant (<1000) in the three-phase
stability zone (0-50 mbsf) and then abruptly increases down to the base of the cored
section (~5000) (Fig. 2-7C). The near-surface hydrate zone (0-10 mbsf) at Site 1250 also
has low C,/C; ratios (Fig. 2-9C). Horizon A penetrated at Site 1250 also reveals C,
enrichment (Fig. 2-9C) and the C,/C; ratios are similar to those in the three-phase zone at
Sites 1249 and 1250. We interpret that C,. hydrocarbon gases are supplied to the base of
the RHSZ from the deeper permeable Horizon A (Fig. 2-10) and that zones of C,
enrichment represent the gas migration pathway.

Steady gas venting requires three-phase equilibrium along the entire migration
path. Although Site 1250 lies between the Pinnacle and the summit (Fig. 2-2), the in situ
salinity is not sufficient to stabilize free gas (Fig. 2-9B). We suggest that the three-phase
zone may exist in the upper 10 mbsf at Site 1250 for three reasons. First, borehole
conditions were especially degraded near the top (Fig. 2-8B), resulting in large-scale,
negative shifts in the electrical resistivity log. Second, the sulfate-methane interface is
very near the seafloor [Trehu et al., 2003], typical of the influence of free gas. Third, the
near-surface zone at Site 1250 (Fig. 2-9C) has anomalously low C,/C; ratio similar to the
three-phase zone at Site 1249 (Fig. 2-7C).

Southern Hydrate Ridge may have evolved from an early phase where methane-
rich water vented to the present-day phase where gas is venting. During early gas
accumulation, methane-rich water was vertically displaced from Horizon A to the

seafloor and this aqueous flow may have formed the Pinnacle. Later, sufficient gas
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entered the hydrate stability zone to create a gas pathway to the Pinnacle. However, low
permeability at the Pinnacle drove flow laterally resulting in venting at the summit.
However, massive authigenic carbonates are not present at the summit [7rehu et al.,
1999], suggesting that focused gas venting has recently begun here. The evolution from
methane-rich water to gas venting is consistent with variations in the age of the
authigenic carbonates from the Pinnacle (7.3-11.4 Ka) to the summit (0.8-6.4 Ka) (Fig. 2-
10) [Teichert et al., 2003].
4.3 Scaling arguments

We have approximated gas flow through the regional hydrate stability zone as a
one dimensional process, where local equilibrium is present, where there is no long range
diffusion, where there is only gas flow, and where latent heat of hydrate formation can be
ignored. We defend these assumptions with scaling arguments. The gas flux out of the
crest of southern Hydrate Ridge is estimated to be ~10? mol CHy m™ year™ [Torres et al.,
2004]. This corresponds to a gas Darcy velocity of ~10° m s, assuming a gas density of
62.8 kg m” [Trehu et al., 2004a]. The equilibration length (/,) is only ~10°m (Eq. 2-2),
much smaller than the thickness of the hydrate stability zone. Thus, the assumption of
local thermodynamic equilibrium is valid. In the Appendix B, we calculate that gas
depletion rate caused by loss of salt (<10 mol CH, m™ year™) is far less than gas supply
rate (~10° mol CHy m™ year™); thus the assumption of no large-scale diffusion is
appropriate.

The model assumes a constant temperature gradient. Heat advection by the gas
flow and the heat released by crystallization of hydrate could perturb this constant

gradient. The thickness of the RHSZ (A4z) is 120 m, the gas flux (g,) is 10% mol CH, m™
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year [Torres et al., 2004], the thermal conductivity (K) is ~1.0 W m™ °C™ [Trehu et al.,
2003] and the gas heat capacity (c,) is 3.5 kJ kg™ °C' [Xu, 2002]. In this case the Peclet
number (Pe=q,c,Az/K) is ~0.02 and thus advection of heat can be neglected [Cathles and
Chen, 2004]. If the latent heat of crystallization of hydrate (L) is 42.1 kJ kg™ [Cathles
and Chen, 2004] and the normal heat flow at southern Hydrate Ridge is ~55 mM m™ (the
thermal conductivity is ~1.0 W m™ °C™! [Trehu et al., 2003] and the geothermal gradient
is 55 °C km™ [Torres et al., 2004]), the heat added by hydrate formation at the reaction
front (g.~7.5¢¢L) 1s ~16 mW m, which is a significant fraction of the normal heat flow.
Thus the latent heat of hydrate formation may cause significant deviation from the linear
thermal gradient in a one-dimensional model.

However, we interpret that a large fraction of the released latent heat will be
dissipated laterally from the gas chimney. We estimate that it takes ~30 years to fill a
sediment volume (1 m thickness and 150 m half-width) at 50 mbsf with hydrates (~65%
of pore volume). Upon formation, this amount of hydrate laterally releases ~10° kJ of
heat to the surrounding. If the heat capacity per unit volume of sediment is 2.3 J cm™ °C™!
[Cathles and Chen, 2004] and the thermal diffusivity is 10° m* s [Rempel and Buffett,
1997], the positive thermal anomaly of the gas chimney decays to less than 1 °C in 30
years [Turcotte and Schubert, 2002].

The model also assumes a hydrostatic pressure gradient and no water flow.
However, the positive volume change of hydrate formation will drive flow. In fact, the
associated flow is very small since methane hydrate density is only ~8% lower than water
density [Sloan, 1998]. Variations in salinity and water density across the hydrate zone

may generate a density-driven convection below the seafloor. We assume the water
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viscosity (z,) is 10™ Pa-s, the chemical diffusivity (D) is 10° m* s [Rempel and Buffett,
1997], the permeability (k) is 10™'® m? [Tan et al., submitted], the thickness of the RHSZ
(4z2) 1s 120 m, and the water density difference between the seafloor and the base of the
RHSZ (4p,,) is 75 kg m™. The Rayleigh number (Ra=Ap,kAz/p1,D) is only ~0.9, which is
not sufficient to initiate a convection [ Turcotte and Schubert, 2002].

Finally, we assume no basal water flux at southern Hydrate Ridge. This
assumption is justified for two reasons: the gas is more mobile and it has a much larger
driving force. Fluid mobility is proportional to relative permeability and inversely
proportional to viscosity [Trehu et al., 2004a]. The gas viscosity is at least 10 times the
water viscosity and because the gas saturation in Horizon A is large (up to 90%), its
relative permeability will be significantly more than the water relative permeability
[Trehu et al., 2004a]. Finally, while the gas flow is driven by its own buoyancy, the water
flow must be driven by elevated pressure in the water phase. Limited measurements
suggest hydrostatic water pressures [Dugan, 2003] and thus no driving force for water
flow. In sum, it is reasonable to assume the gas flux will greatly exceed the water flux in
the gas vent zone.

4.4 Implications for hydrate reservoir stability

We propose that there is a direct pathway for free gas migration from the free gas
zone beneath the RHSZ to the seafloor and that this migration pathway forms very
rapidly. As a result, significant amounts of gaseous methane can bypass the RHSZ
without forming hydrate. Thus, in areas where gas flow is focused, such as Hydrate
Ridge, significant amounts of free gas may enter the ocean without forming hydrate,

which changes the expected behaviors of the hydrate capacitor [Dickens, 2003]. In
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addition, hydrate at three-phase equilibrium is more susceptible to environmental changes
than hydrate that forms in the two-phase region. In our model, all the hydrates are already
at the three-phase boundary, so they would respond easily and rapidly to bottom-water
warming or sea-level lowering during climate change.
5. Conclusions

Free methane gas is venting through the regional hydrate stability zone (RHSZ) at
southern Hydrate Ridge. Free gas supplied from below forms hydrate, depletes water and
elevates salinity until pore water is too saline for further hydrate formation. This system
self-generates local three-phase equilibrium and allows free gas migration to the seafloor.
Log and core data document a zone of three-phase stability between the seafloor and 50
mbsf at ODP Site 1249. We suggest that there is a zone of three-phase stability from the
disrupted BSR to the ridge crest where gas is venting today. This process provides a
mechanism for gas venting through the hydrate stability zone that is observed around the
world. In these settings, the RHSZ is no longer a thermodynamic barrier to free gas

migration.

Nomenclature

g — free gas phase

h — hydrate phase

1 — liquid phase

m — methane

W — water

Az — thickness of RHSZ (L)
¢ — porosity (dimensionless)
pn — hydrate density (ML™)
pw — water density (ML)
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1y — water viscosity (ML'T™)

a — tortuosity coefficient (dimensionless)
b — half-width of chimney (L)

Ccy — gas heat capacity (L*T?07)

f— fugacity (ML'T?)

k — permeability (L?)

le — equilibration length (L)

m — cementation coefficient (dimensionless)
n — saturation exponent (dimensionless)
qe— heat flux (MT™)

qe— gas flux (ML™T™)

z — depth below seafloor (L)

C — salinity (dimensionless)

D — chemical diffusivity (L*T™)

F — formation factor (dimensionless)

K — thermal conductivity (MLT?0™)

L — latent heat (L*T?)

P — pressure (ML'IT'z)

R,, — formation water resistivity (ML T>A™)
R, — formation resistivity (ML*T>A™)
S, — gas saturation (dimensionless)

S — hydrate saturation (dimensionless)
Sw— water saturation (dimensionless)

T — temperature (®)
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Chapter 3

NUMERICAL MODELING OF HYDRATE FORMATION IN

MARINE SEDIMENTS

Abstract

We develop a multi-component, multi-phase fluid and heat flow model for
hydrate formation in marine sediments. Methane is mainly transported as a continuous
gas phase into the regional hydrate stability zone (RHSZ) driven by buoyancy. The
dynamic effects of hydrate formation on salinities, thermal regimes and hydraulic
properties are explicitly modeled. We show sediment lithology and fluid flux primarily
control the vertical distribution and concentration of gas hydrate and free gas. We present
two mechanisms for vertical gas migration through the RHSZ. In coarse-grained
sediments, free gas supplied from depth forms hydrate, depletes water and elevates
salinity until pore water is too saline for further hydrate formation. This system allows
free gas migration to the seafloor by generating local three-phase equilibrium. In contrast,
in fine-grained sediments, hydrate formation leads to rapid permeability reduction and
capillary sealing to free gas. This dynamic hydrate seal is critical for allowing gas
pressure to build up, thereafter driving gas upward through the RHSZ. Both mechanisms
may drive gas venting through hydrate stability zones worldwide. Two-dimensional
model of fluid flux suggests that in areas of high gas supply, lateral diffusion of salts is

slow enough for gas chimney to rapidly propagate through the RHSZ toward the seafloor.
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1. Introduction

Hydrate stability depends on pressure, temperature, the gas concentration in the
surrounding pore water, and the activity of water [Sloan, 1998]. Liquid (subscript L) and
gas (subscript G) coexist below the three-phase equilibrium curve, while liquid and
hydrate (subscript H) coexist above it (Fig. 3-1C). We define the regional hydrate
stability zone (RHSZ) as the zone where hydrate is stable for seawater salinity (3 wt.%).
The temperature at the base of the RHSZ coincided with the temperature of the three-
phase equilibrium at hydrostatic pressure and seawater salinity (Fig. 3-1B). Above this
depth, temperature is below the three-phase equilibrium value, and hydrate and seawater
coexist. Below this depth, free gas and seawater coexist. Free gas should not be present in
the RHSZ if excess water is present [Handa, 1990]. In this gas hydrate system modeled
after southern Hydrate Ridge [Trehu et al., 2004a], the zone of three-phase equilibrium is
confined to a single depth (~130 mbsf). This depth is commonly associated with a strong,
negative-polarity seismic reflector that mimics the seabed and records the phase
boundary between gas hydrate above and free gas below [Bangs et al., 1993; Holbrook et
al., 1996].

Current hydrate formation models [Hyndman and Davis, 1992; Rempel and
Buffett, 1997; Xu and Ruppel, 1999; Davie and Buffett, 2001] describe the accumulation
of gas hydrate in the two-phase regions of the three-phase system. These studies suggest
that water, methane, and energy fluxes largely control the distribution of free gas and gas
hydrate in porous media. These models depends on two-phase equilibrium between
hydrate and seawater + dissolved CH4 [Hyndman and Davis, 1992; Rempel and Buffett,

1997], and assume that pressure, temperature and salinity variations associated with
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Fig. 3-1: (A) CHy4 solubility, (B) temperature for three-phase equilibrium and (C)
hydrate stability P-T phase diagram for seawater salinity (550 mM CI"). Fields of
hydrate (H), dissolved (L) and free gas (G) are depicted. (A) Hydrate or free gas is
present only when the gas concentration exceeds the solubility. The peak in solubility
coincides with the base of the RHSZ for seawater salinity (550 mM CI"). (B) The
intersection of the geotherm with the temperature for three-phase equilibrium defines
the base of the RHSZ. mbsf - meters below sea floor; mbsl - meters below sea level.

37



hydrate formation are negligible compared to total mass and heat transports in the system
[Xu and Ruppel, 1999]. In addition, these steady-state models do not account for the
dynamic effects of hydrate formation on hydraulic, thermal and chemical regimes. Thus
they provide little insight into hydrate formation as a transient process.

In this paper, we present a one-dimensional, multi-component, and multi-phase
fluid and heat flow model for dynamic and transient hydrate formation in marine
environments. Our objective is to understand the dynamics of the gas hydrate reservoir,
the mechanisms for free gas migration, and hydrate formation. First, we develop the
equations that govern hydrate formation based on the mass and energy balances. We
present the criteria for the appearance and disappearance of phases and the corresponding
switching of the primary variables. Then, we examine gas hydrate formation in two end-
member models. One involves migration of methane-bearing fluid from depth into the
hydrate zone, while the other involves free gas migration into the hydrate zone. Finally,
the model is extended to two dimensions to show that lateral salt diffusion from the gas
chimney is negligible.

Our one-dimensional models suggest that in coarse-grained sediments, hydrate
formation at the base of the RHSZ cannot form an efficient capillary barrier to upward
gas migration. Thus a large volume of free gas is transported into the RHSZ rapidly to
produce a significant change in salinity. In this case, high salinity pore water provides a
mechanism to transport free gas through the RHSZ. By comparison, in fine-grained
sediments, hydrate formation causes rapid permeability reduction and capillary sealing to
free gas. Therefore hydrate formation in such systems is concentrated at the base of the

RHSZ until a critically pressured gas column builds up below it. This critical gas pressure
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provides a path for vertical gas migration from the free gas zone (FGZ) through the
RHSZ. Two-dimensional models show that at high gas flux driven by buoyancy, lateral
diffusion of salts is slow enough for gas chimney to rapidly propagate to the seafloor.
2. Mathematical Model
2.1 Assumptions and physical processes

We assume the following. (1) Darcy’s Law adequately describes multiphase fluid
flow in uniform porous media. (2) Local thermodynamic equilibrium. In marine
sediments, the fluid flow rate is small and hydrate formation is rapid as shown by
laboratory [Zatsepina and Buffett, 2003] and field [Rehder et al., 2002] studies. (3) The
model extends from the seafloor to a depth below the RHSZ, and is spatially fixed. (4)
There is no sedimentation or tectonic uplift. (5) Gas is supplied only from below the
RHSZ instead of through in situ production within the RHSZ. (6) CHy is the only
hydrate-forming gas. (7) Diffusion is only considered in the liquid phase, because
diffusion of CH4 within either hydrate or free gas is negligible. (8) CHy is assumed to be
the only component in the vapor phase because the amount of water in the vapor phase is
small [Duan et al., 1992]. (9) Salt is confined to the liquid phase. (10) Hydrate is a solid
phase and only two-phase (gas + water) capillary pressure is considered.

Hydrate formation is modeled as a three-phase, three-component flow system.
The three components (k) are methane, water and salt (superscripts m, w and s). The three
phases (P) are liquid, free gas and hydrate (subscripts /, g and 4). Each component may

be present in different proportion in any of the three phases. The mass fraction of

component k in phase {3 is denoted by X . The system contains a liquid phase consisting
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of CHy, salt and water, a vapor phase consisting of CH,4 only and hydrate composed of
CH4 and water only.

This model includes the following features: (1) the partitioning of the components
among the phases is calculated from the assumption of local thermodynamic equilibrium,;
(2) each phase is allowed to disappear from or appear in any region of the domain during
the simulation; (3) fluid flow in both liquid and gas phases occur under pressure,
capillary and gravitational forces, according to the multiphase Darcy’s law that includes
the effect of relative permeability; (4) diffusive transport of CH4 and salt in the liquid
phase are considered; (5) heat transfer occurs due to conduction and multiphase
advection, and includes latent heat effects.

2.2 Governing equations

We treat the hydrate system as a continuum of sediment grains, fluids and solid
hydrates. We formulate the mass balance for each component (water, methane and salt).
Local thermodynamic equilibrium implies that the three phases and the sediment grain in
a small volume are at the same temperature, which allows us to formulate the energy
balance for the overall porous media. Thus, we obtain a system of partial differential
equations, constrained by three mass balances and an energy balance to describe the
system (Appendix C).

Each balance equation includes accumulation, flux and sink/source terms. The
balance equations are written in integral form for a flow region V, with a surface area I'y,,

as follow:
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where M" is the amount of component k per unit volume, F* is the total flux of
component k into Vy, n is the outward unit normal vector, and q" is the generation rate of
component k per unit volume. Heat is treated as a “pseudo” component (superscript e)
[Falta et al., 1992]. For k= e, M" is the amount of energy per unit porous media volume.
F* is the heat flux and q" is the rate of heat generation per unit volume.

2.2.1 Accumulation term

Since methane may exist in three possible phases, the methane accumulation term

sums over the liquid, vapor and hydrate phases:

M™ = 3 S, Xp (3-2)

B=l,v.,h
where ¢ 1s the porosity, Sp is the saturation of phase B, pgis the density of phase B, and

X ; is the mass fraction of component k in phase . The water accumulation term sums

over the liquid and hydrate phase, because the amount of water in the vapor phase is
negligible. The salt accumulation term involves the liquid phase only, because all of the
salts are assumed to be dissolved in the liquid.

The heat accumulation term includes contributions from both the solid and the

three possible phases:

M* =(1-0)pCyT+¢ Zsﬁpﬁusa (3-3)

B=L,v,h
where pr is the density of the soil grain, Cg is the heat capacity of the soil grain, T is the

temperature, and ug is the specific internal energy of phase f3.

2.2.2 Flux term
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The mass flux terms of the three components (m, w, s) sum over the three phases
(Z, v, h). The mass fluxes of each component in the liquid phase include both advection

and diffusion as:

_kkrlpl
M

K = XT(VPl —Plg)Hf, (3-4)

where k is the intrinsic permeability, k,is the relative permeability of phase /, 4, is the
viscosity of phase /, P is the pressure of phase /, and g is the acceleration due to gravity.
And the diffusive flux J is:

IF = DIpVXT, (3-5)
where D" is the molecular diffusion coefficient of component k in sediment. D" is

K
- Dy

D{( ez P (3-6)

where 0 is the tortuosity (the resistance to diffusion in porous media) and Dy is the
molecular diffusion coefficient in free water. Tortuosity (8) can be calculated from the
sediment porosity (¢) using Archie’s law [Torres et al., 2004]:

0°=0¢".(3-7)

The mass flux of CHy in the gas is calculated by considering only advection as:

m kkr p m
Fr = —ﬁxg (VP, —p,g). (3-8)
g

The heat flux includes both conduction and multiphase advection as:

F'=-AVT+ Zﬁ:hBFﬁ , (3-9)
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Where A is the overall thermal conductivity of the porous media, hg is the 3 phase
specific enthalpy, and Fjp is the total B phase mass flux. A is calculated as:

L=0=-0rg +9(S,A, +SA, +S5,.4,), (3-10)

where Agr, An, A and A, are the grain, hydrate, liquid and gas thermal conductivity.
Substituting equations (3-2 to 3-10) into equation (3-1), we obtain three mass
balance equations (Appendix C.1-C.3) and one energy balance equation (Appendix C.4).
These balance equations, combined with the conditions of thermodynamic equilibrium,
provide a complete description of hydrate formation in uniform porous media.
2.3 Thermodynamic Equilibrium for Hydrate Stability
The distribution of hydrate and free gas in the sediment is strongly dependent
upon two P-T dependent equilibrium solubility curves (Fig. 3-1A): (1) the liquid-hydrate
(L+H) methane solubility curve (X7, ;) where gas hydrate is at equilibrium with

dissolved gas in water, and free gas is absent; and (2) the liquid-gas (L+G) methane

m

solubility curve (X, ;) where free gas is at equilibrium with dissolved gas in water, and

hydrate is absent. Duan et al.’s model [1992] is used to predict the L+G equilibrium.
Henry et al.’s model [1999] is used to predict the L+H equilibrium. Comparison of
model predictions with the CSMHYD hydrate program shows good agreement.

The L+H solubility increases downward from the seafloor, while the L+G
solubility slightly increases upward to the seafloor (Fig. 3-1A). At their intersection,
three-phase equilibrium is present and CHy solubility reaches a maximum value (Fig. 3-
1A). The base of the RHSZ is located at the three-phase equilibrium for CH4 and
seawater salinity. When dissolved CH4 concentration exceeds the solubility, hydrate is

stable within the RHSZ while free gas is stable below it.
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Doubling pore water salinity from 3 wt.% to 6 wt.% reduces the L+G solubility
by 15%, while the L+H solubility is relatively insensitive to the salinity increase (Fig. 3-
2A). As a result, the intersection of the two solubility curves shifts upward from 130 to
90 mbsf. Consequently, the base of the hydrate stability zone shifts from 130 to 90 mbsf
(Fig. 3-2B). Elevated pore water salinity decreases hydrate stability conditions (Fig. 3-
2C).
2.4 Primary variables and switching during phase transition

We need n+/ independent variables to describe the thermodynamic state of a n-
component system [Clennell et al., 1999; Xu, 2004]. These n+1 variables are called the
primary variables. For a three-component (methane, water, salt) system, four independent
primary variables are needed.

The choice of primary variables for a grid block depends on the phases present in
a given volume. For example, under the three-phase condition, the primary variables are
chosen to be pressure P, temperature 7, liquid saturation S;, hydrate saturation ;. This
choice of variables completely defines the thermodynamic state of the system. Because
all three phases are present, the mass fraction of every component in the phases is
determined by local equilibrium consideration. In this case, the salinity of the liquid X' is
maintained at that required for three-phase equilibrium, which depends only on the given
P and T. The dissolved CH4 concentration is calculated according to the L+G equilibrium
at the given P-T-salinity.

Displacement or phase transition processes may cause the appearance or
disappearance of three phases. Suppose that the gas phase disappears due to its

crystallization as hydrate, perhaps due to a decrease in salinity. Then S,=0; thus S; and S,
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are dependent (S; + S, =1). The system shifts from the three-phase L+G+H to two-phase
L+H equilibrium conditions. In this case, the system cannot be fully defined by the
primary variables P, 7, S; and Sj. This problem is resolved by primary variable switching
during the phase transition. If the primary variables are switched from P, T, S; and Sj, to
P, T, X/ and S), where X' is the salinity of the liquid, a complete description of the
system is once again possible in terms of the primary variables. This technique of
primary variables switching is also adopted to describe the phase transition processes in
petroleum reservoir simulation [Farnstrom and Ertekin, 1987] and subsurface removal of
NAPL (Non-Aqueous Phase Liquid) [Falta et al., 1992].
2.5 Substitution criteria

The governing equations, only when combined with local thermodynamic
equilibrium, can describe hydrate formation in porous media. For example, if only liquid

is initially present, hydrate appears when the dissolved CH, concentration (X;") equals

the L+H CHy solubility (X", ). When the dissolved CH4 concentration is below the

solubility, thermodynamic equilibrium enforces S,=0 and the primary variables are P, T,

X" and X;'. Once hydrate forms, the dissolved CH,4 concentration is fixed by the
solubility (X," =X/, ), and any additional gas is present in the hydrate phase. Thus the
CH, concentration (X;") is replaced by the hydrate saturation (S;) in the set of variables.
Similarly, gas appears when the dissolved CH4 concentration equals the L+G CHy4
solubility (X}, ). Upon the appearance of gas, the dissolved CH4 concentration (X;") is
replaced by the gas saturation (Sg) in the set of variables.

Pore water salinity can increase during hydrate formation because salt is excluded

from the hydrate structure. If the salinity of the liquid solution (X;') equals the salinity
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required for three-phase equilibrium ( X .., ), then gas can appear where only hydrate

and seawater coexist previously. The system shifts from two-phase L+H to three-phase
L+G+H equilibria and the primary variables are switched to the three-phase set of
variables.
2.6 Secondary variables

In addition to the four primary variables, a complete set of secondary variables is
needed for the solution of the four balance equations. These secondary variables include
thermodynamic and transport properties such as density, viscosity, permeability and
relative permeability. The secondary variables are determined from the primary variables.
We calculate the liquid density as a function of temperature and salinity. The gas density
strongly depends on pressure and temperature [Duan et al., 1992]. Methane hydrate is
assumed to be incompressible and have a constant density (p;=912 kg m™) [Sloan, 1998].
We calculate the liquid and gas viscosities as a function of pressure and temperature
[Class et al., 2002]. The calculation of permeability and relative permeability as a
function of hydrate saturation is discussed in the next section. Variations in the secondary
variables (e.g., permeability k and thermal diffusivity A) can also affect the evolution of
the primary variables (e.g., pressure P and temperature 7).
2.7 Changes in porosity, permeability, capillary pressure with hydrate formation

We consider hydrate formation in two different uniform porous media — sand and
silt. #=0.5 and ko=~10'13 m? for sand, while ¢,=0.5 and lcg=~10'15 m? for silt [Fetter,
1994]. Assuming the modeled silt and sand have the same pore geometry as the
unconsolidated sand in Bear [1972], we can scale the capillary pressure curves of the

modeled silt and sand from the J-function derived from this unconsolidated sand (Fig. 3-
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3B). This curve has a flat plateau, i.e., capillary pressure increases small with decreasing
Sy at high §,,. It consists with Thomeer’s model [1960] that has a small pore size

distribution (i.e., well-sorted sediments). The J-function is [Amyx, 1960; Bear, 1972]:

J(Sw)=@\/1;—7°, (3-11)

Where P, is the capillary pressure in the absence of hydrate and oy,, is the interfacial
tension between gas and water (~72 mJ m™") [Henry et al., 1999]. Using equation (3-11)
and the J-function (Fig. 3-3B), we calculate the capillary pressure curve for sands (solid
line in Fig. 3-3C) and silts (solid line in Fig. 3-3D) in the absence of hydrate.

The capillary pressure is inversely proportional to the square root of the
permeability (equation 3-11). Given the permeability ratio between sand and silt, the
capillary pressure of silt is 10 times that of sand. The capillary pressure at S,,~0 is the
capillary entry pressure (P,). The capillary entry pressure must be exceeded before gas
enters an initially water-saturated sediment [Schowalter, 1979]. We calculate that P, is
~0.02 MPa for sand and ~0.2 MPa for silt in the absence of hydrate.

Porosity is assumed to be the pore volume fraction filled with fluid phases (liquid
and gas). The porosity change due to hydrate formation is:

¢=9,1-5,),(3-12)
where ¢ is the porosity when hydrate is absent. The permeability is proportional to the
hydrate saturation. If the porous medium is approximated as a bundle of capillary tubes

and hydrate forms in the centers of each capillary, the change in intrinsic permeability is

(Fig. 3-4) [Kleinberg et al., 2003]:

k=k{l—8ﬁ+2(l_s“)2} (3-13)
log(S,,)
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Fig. 3-3: (A) Water and gas relative permeabilities as a function of effective water
saturation. (B) Dimensionless J-function for unconsolidated sands [Bear, 1972].
Capillary pressure curves of hydrate-bearing sand (C) and silt (D). The solid line
represents the capillary pressure curve when hydrate is absent. The dotted, dotted-
dashed, dashed lines represent the capillary pressure curve at Sp=0.1, 0.3 and 0.5,
respectively. Py is the capillary entry pressure.
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where ky is the permeability when hydrate is absent. However, if hydrate coats the wall of
pores, the change in permeability is (Fig. 3-4) [Kleinberg et al., 2003]:
k=k,(1-8,). (3-14)

Permeability will decrease more rapidly with hydrate formation for pore-filling
model than for pore-coating model (Fig. 3-4). Clennell et al. [1999] suggested that
hydrate formation is analogous to ice formation in porous media and that hydrate, as a
non-wetting phase, preferentially grows in the center of pores in liquid-water-wet
sediments. This growth habit has been verified by deep sea NMR (Nuclear Magnetic
Resonance) measurements [Kleinberg et al., 2003] and by experiments in glass
micromodels [Tohidi et al., 2001]. Thus, we assume hydrate pore-filling in the following
simulations.

Hydrate formation is assumed to be analogous to solid precipitation. Hydrate

formation decreases the fraction of pore space available to fluid phases. Thus the

effective liquid and gas saturations (S, and S, ) are:

S. :78“, 7(3_15)
YOS, +S,

S = S: . (3-16)
£ S, +S,

The effective saturations are used in estimating relative permeabilities. The relative

permeabilities are calculated according to Corey’s model (Fig. 3-3A) [Bear, 1972]:
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where S, and S, are the irreducible or residual water and gas saturation. We use
Sw=10% and S,,.=2% [Yousif et al., 1991].

Hydrate formation decreases porosity and permeability. Similarly, for each
lithology (sand or silt), gas-water capillary pressure in sediments with different hydrate
saturation can also be scaled using the J-function [Moridis et al., 2005]. Assuming that
the J-functions for hydrate-free and hydrate-bearing sediments are the same, we calculate

the capillary pressure in hydrate-bearing sediments from that in hydrate-free sediments:

P(S,)= %-%Pco(sw),(s-w)

0
where P, is the capillary pressure for hydrate-bearing sediment with £, ¢ and S,,’, and P
for hydrate-free sediment with ky, ¢jand S,,. Changes in porosity (¢#) and permeability (k)
with hydrate formation are given by equations (3-12) and (3-13). The effective water
saturation (S),) is used to calculate the capillary pressure of hydrate-bearing sediments.
Given the same amount of hydrate precipitation, silt (Fig. 3-3D) will experience more
increase in capillary pressure than sand (Fig. 3-3C).
3. One-dimensional model of hydrate formation

We model pressure and temperature conditions similar to those at southern
Hydrate Ridge, offshore Cascadia [Trehu et al., 2004a]. The initial conditions are as
follows (Fig. 3-5; table 1). The seafloor is at 800 mbsl (meters below sea level) and the
pressure increases hydrostatically through the sediments (10.4 MPa/km). The bottom
water temperature is 4°C and the temperature gradient is linear (55 °C/km). No methane

is present and pore water has seawater salinity everywhere (3 wt.%). Under these
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Boundary conditions at seafloor:
20=800 m, Po=8 MPa, To=4 °C,
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Fig. 3-5: Initial and boundary conditions of one-dimensional model. The
intersection of geotherm (heavy solid line) with the temperature for three-
phase equilibrium (thin solid line) defines the base of the RHSZ. Methane
is supplied into the RHSZ by advection of both methane-rich pore water
and free gas.
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Table 1 Physical parameters in the one-dimensional simulations

Variable Physical Meaning Units or Dependence
g Gravitational acceleration 981 ms’
Ty Temperature at seafloor 4.0 °C
dT/dz Geothermal gradient 55.0 °C km
do Porosity when hydrate is free 0.50
ko Permeability when hydrate is free 107" (sand) 10" m” (silt)
Zy Depth below sea level 800 m
Dy, Diffusion coefficient of methane 107 m’ s
Dy, Diffusion coefficient of salt 107 m’s™
p1 Density of liquid phase T- & Salinity-dependent
Pe Density of gas phase P- & T-dependent
Ph Density of methane hydrate 912 kg m™
W Dynamic viscosity of liquid P- & T-dependent
e Dynamic viscosity of gas P- & T-dependent

Table 2 Input fluxes in the one-dimensional simulations

Case 1l Case 2 Case 3
high gas flux in sand high gas flux in silt low gas flux in silt
ghg gng g
q" (methane
flux) 0.96 kg m” yr’! 0.96 kg m* yr'' 0.005 kg m* yr!
q" (water flux) 0 0 2.5kgm’ yr'
q° (salt flux) 0 0 0.075 kg m® yr'
q° (heat flux) 55 mW m” 55 mW m” 55 mW m”
o 0.5 0.5 0.5
ko 10" m? 10" m? 10" m?
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conditions, three-phase equilibrium is present at ~130 mbsf. The model domain extends
from below the RHSZ to the seafloor (Fig. 3-5).

Boundary conditions imposed during the simulation are as follows (table 1).
Constant mass fluxes of CHy, water and salt are specified at the base of the domain. In
addition, there is a constant heat flow at the base of the model and the seafloor
temperature is fixed at 4°C.

We run three different scenarios to illustrate the processes of hydrate formation
(table 2). A high gas flux is run in sand (Case I). A high gas flux (Case 2) and a low gas
flux (Case 3) are run in silt.

3.1 Case 1: High gas flux + no water flux in sand

The basal CH, flux is 0.96 kg m” yr'' and there is no basal water or salt fluxes;
latent heat released by hydrate formation is neglected. This gas flux is similar to that
observed at southern Hydrate Ridge [Torres et al., 2004]. CHy is primarily transported as
free gas because of the high gas flux. As the free gas moves upward, it displaces the
original pore water in which it partly dissolves (Fig. 3-6A and 3-6D, t;). At t;, a free gas
zone (FGZ) appears below the RHSZ (shaded area) with §,=2.5%. At this gas saturation,
the gas relative permeability is sufficient to allow gas to be transported at the rate that it
is supplied (equation 3-18). Within the FGZ, the CH4 concentration is sustained at its
solubility (Fig. 3-6A, t;). Within the RHSZ, CH4 concentration is below the solubility
(Fig. 3-6A, t;), there is no hydrate formation (Fig. 3-5D, t;) and pore water has seawater
salinity (Fig. 3-6E, t;).

When free gas migrates into the RHSZ, a three-phase zone develops in the RHSZ

as indicated by the coexistence of hydrate and gas (Fig. 3-6D, t;). An expanding reaction
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Fig. 3-6: Evolution of (A) dissolved methane concentration, (B) water and gas
pressures, (C) intrinsic permeability, (D) water and gas fractions of pore volume, and
(E) salinity at three times (0.2, 2.0 and 5.5 Ka) in Case 1. A three-phase zone develops
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The reaction front eventually reaches the seafloor. Thereafter free gas can directly flow
through the RHSZ to the seafloor. mbsl - meters below sea level.
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front separates the three-phase zone below from the two-phase zone above. At t,, the
reaction front is approximately 50 m above the base of the RHSZ. The salinity increases
sharply from 3 wt.% at the base of the RHSZ to 6 wt.% at the front. Within the three-
phase zone, salinities are sustained at the values required for three-phase equilibrium,
while above the three-phase zone, the salinity drops abruptly (Fig. 3-6E, t5).

The three-phase zone is present across a large vertical range and consequently
across large changes in pressure and temperature. This is possible because the salinity
increases upward from the base of the RHSZ (Fig. 3-6E, t;) and the salinity lowers the
temperature for three-phase equilibrium. The high salinities result from hydrate formation.
As hydrate forms, dissolved salts are excluded from the hydrate structure; at
progressively higher levels above the base of the RHSZ, greater concentrations of hydrate
must form before the salinity necessary for three-phase equilibrium is achieved (Fig. 3-
6E, t). The result is an increase in hydrate concentration and salinity upward from the
base of the RHSZ to the reaction front. Above the reaction front, hydrate concentration,
salinity, and dissolved methane drop rapidly, affected only by diffusion from the
underlying reaction front.

The reaction front propagates from the base of the RHSZ toward the seafloor. The
propagation rate of the reaction front gradually decelerates with time (Fig. 3-7), because
free gas encounters increasingly colder sediments as it rises upward. The amount of
hydrate produced for salinity to reach three-phase equilibrium is greater at the shallower
depths. The amount of hydrate is largest near the seafloor, where the P-T conditions are

brought furthest into the RHSZ.
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extends to the seafloor and a quasi-steady state is reached. (A) The sharp gradient in
salinity near the seafloor removes salt out of the three-phase zone. (B) Loss of salts
shifts the three-phase equilibrium to allow more hydrate formation below the seafloor.
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At t3, a quasi-steady state is reached when the reaction front breakthroughs the
seafloor. At this point, salinities are maintained at those required for three-phase
equilibrium throughout the RHSZ (Fig. 3-6E, t3); the salinity increases sharply from ~3
wt.% at the base of the RHSZ to ~12 wt.% just below the seafloor; the CHy
concentrations match its solubility throughout the RHSZ (Fig. 3-6A, t3); three phases
coexist throughout the RHSZ; S}, increases upward (Fig. 3-6D, t3). Both dissolved (Fig. 3-
6A, t3) and free gas CHy (Fig. 3-6D, t3) are discharged at the seafloor.

Sy, continues changing after the reaction front reaches the seafloor. Seawater
salinity remains at the seafloor in the model, generating a sharp gradient in salinity near
the seafloor (Fig. 3-8A). Thus salt is constantly lost from the three-phase zone into the
ocean. Loss of salts to the ocean shifts the thermodynamic conditions, allows further
hydrate formation, and causes a spike in S, immediately below the seafloor (Fig. 3-8B).
Salt is continually diffused out of the hydrate layer and into the overlying ocean.

3.2 Case 2: High gas flux + no water flux in silt

Case 2 differs from Case 1 only in that Case 2 is performed in silt. As in Case 1,
free gas is hydrated once it enters the hydrate stability zone (Fig. 3-9D, t;). However, in
this case, hydrate formation in the already low-permeability sediments (Fig. 3-9C, t;)
results in a larger increase in capillary entry pressure, considering that the capillary
pressure is inversely proportional to the square root of the permeability (equation 3-11).
Thus the base of the RHSZ acts as a cap, preventing upward migration of CH4 gas and
causing it to accumulate below the base of the RHSZ (Fig. 3-9D, t;). During gas filling,
CHy-rich pore water is displaced from the trap to the seafloor. Dissolved CHy is also

transported upward from the trap by diffusion. But dissolved CH4 concentration is still
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Fig. 3-9: Evolution of (A) dissolved methane concentration, (B) water and gas
pressures, (C) intrinsic permeability, (D) water and gas fractions of pore volume,
and (E) salinity at three times (0.4, 1.6 and 1.9 Ka) in Case 2. Hydrates precipitated
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gas to migrate upward through the RHSZ.
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below its solubility within the RHSZ (Fig. 3-9A, t;). Thus there is no hydrate formation
(Fig. 9D, t;) and no salinity buildup (Fig. 3-9E, t;). At this point, hydrate formation is
restricted to the base of the RHSZ where water and gas (i.e., reactants) are abundant, and
most of the supplied CHy is trapped as free gas below the hydrate zone.

Only a small gas column builds beneath the hydrate layer at t;. When the
buoyancy force at the top of gas column exceeds the original capillary entry pressure at t;,
gas flows into the seal, forming more hydrate at the base of the RHSZ. Capillary entry
pressure increases further. For more gas to enter the RHSZ, the gas pressure must
increase further and therefore a larger gas column must build up below gas hydrate.
Ultimately, the buoyancy force at the top of gas column reaches the new capillary entry
pressure (Fig. 3-9D, t,). Thus, breakthrough and resulting increase in capillary entry
pressure lead to an additional increase of the column height. Meanwhile, the fraction of
gas-filled pore volume increases by displacing more water and the gas-water contact
moves downward (Fig. 3-9D, t,). In this case, hydrate forms only at the base of the RHSZ
via a series of small, discontinuous gas migration pulses.

The difference between the gas and water pressures is the gas-water capillary
pressure, which is proportional to Sg. Through the gas column, gas pressure follows its
static pressure gradient (~0.7 MPa/km), while water phase is overpressured (~0.2 MPa
above hydrostatic conditions) (Fig. 3-9B, t,). This is because (1) gas is displacing water
upward and (2) water permeability is small in the gas column where S,, is near the
residual value (equation 3-17). The capillary pressure (Pcg=P,-P,) increases with the

elevation above the gas-water contact (Fig. 3-9B, t,). Thus S, increases upward through
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the gas column (Fig. 3-9D, t,), as the upward-increasing capillary pressures force gas into
successively smaller pores.

The gas column height continues to increase with further hydrate formation at the
base of the RHSZ until gas pressure at the top of the gas column (P,) reaches the
overburden stress (S,) (Fig. 3-9B, t3). Then the trapped gas column can not build up
further, though capillary entry pressure at the base of the RHSZ continues increasing with
hydrate formation. The vertical gas effective stress (=S,-P,) decreases to zero and
hydraulic fracturing occurs to allow for upward gas migration. However, we do not
account for further migration of gas in fractured network within the RHSZ. A more
complicated model will be developed in the future to address this issue. The simulation
ceases once the gas pressure reaches the overburden stress at the BSR depth.

The gas column height necessary for its pressure to reach the overburden stress is
the critical height. There is a critical gas column height of ~120 m immediately beneath
the RHSZ (Fig. 3-9D, t3), when both water overpressure and gas-water capillary pressure
elevate the gas pressure (Pg) to the lithostatic stress (S,). Note that finite capillary entry
pressure (~0.2 MPa) and water overpressure of the FGZ (~0.2 MPa) reduces the critical
gas column height (Fig. 3-9B, t3), relative to zero capillary entry pressure and hydrostatic
conditions. At this point, the gas pressure at the top of the gas column is enough to dilate
fractures, no seal capacity remains to support an additional gas column, and gas
migrating from depth must escape the FGZ to keep gas pressure from exceeding the
overburden stress. Thus the lithostatic gas pressures allow gas to escape the FGZ by

opening fractures and to form hydrate above the base of the RHSZ.
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3.3 Case 3: Low gas flux + water flux in silt

The model is carried out in silt. The fluxes of CHy, water and salt are 0.005, 2.50
and 0.75 kg m? yr! respectively, and latent heat released by hydrate formation is
neglected. Given the specified CH4 flux and CHy solubility at the base of the model
domain, we estimate that not all of the supplied CHy is carried by the specified water flux.
The maximum amount of CHy carried by water is limited by its low solubility (~107) (Fig.
3-10A, t;). Thus excess CH4 occurs as free gas at the base of the domain.

At t;, CHy is transported into the RHSZ only by aqueous diffusion and advection
(Fig. 3-10A, t;). Hydrate forms only in the center of the RHSZ (Fig. 3-10D, t;), where the
CH,4 concentration exceeds the solubility. Hydrate formation does not extend to the base
of the RHSZ, where CHj solubility is higher. A FGZ is present ~50 m below the RHSZ
(Fig. 3-10D, t;) and CH4 concentration is sustained at its solubility in the FGZ (Fig. 3-
10A, t;). The gas displacement front lags behind, since free gas cannot move upward
until the residual gas saturation (S,,=2%) is exceeded (equation 3-18). At this point, the
deepest occurrence of hydrate does not coincide with conditions for three-phase
equilibrium.

The top of the free gas zone is separated from the base of the hydrate zone by a
zone containing liquid only (Fig. 3-10D, t;), where CH4 concentration is below its local
solubility. We interpret this gap as a transient feature, because this zone shrinks as free
gas progressively moves upward and saturates pore water below the RHSZ. Eventually,
hydrate and free gas coexist at the base of the RHSZ (Fig. 3-10D, t,). At this point, the P-

T at the base of the RHSZ coincides with conditions for three-phase equilibrium.
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The critical gas pressure eventually drives the gas upward through the RHSZ to
seafloor. mbsl - meters below sea level.
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At t,, free gas migrates into the RHSZ and rapidly forms hydrate at the base of the
RHSZ. The CH4 concentration is everywhere maintained at the solubility except near the
seafloor (Fig. 3-10A, t;), where its concentration is set to zero. CHy is transported into the
RHSZ by a mixture of saturated water (Fig. 3-10A, t;) plus free gas (Fig. 3-10D, t,). A
gradual increase in S, within the RHSZ occurs above a sharp increase in S, at the base of
the RHSZ (Fig. 3-10D, t,). Dissolved CHy4 is continuously transported upward into the
RHSZ by aqueous diffusion and advection. However, the amount of CH4 carried by water
is limited by low methane solubility below the RHSZ. Thus S slowly increases within
the RHSZ, where the gradient in CH4 solubility is small (Fig. 3-10A, t;). On the other
hand, CH,4 transported in the gas phase freezes as hydrate once it enters the RHSZ,
producing a sharp spike in S, at the base of the RHSZ.

Similar to Case 2, hydrate forms at the base of the RHSZ via a series of gas
migration pulses during gas filling. The formation of concentrated hydrate at the base of
the RHSZ impedes upward migration of gas due to capillary pressure (Fig. 3-10B, t5).
CHy4 gas that continues to migrate from deeper sediments is trapped below the RHSZ. But
the capillary seal does not block water flow. Dissolved CH4 can be transported into the
RHSZ from the trap by aqueous flow to form more hydrate. Thus in this case, though free
gas is trapped below the RHSZ, hydrate can accumulate further in the RHSZ (Fig. 3-10D,
t2).

There is no significant salinity buildup in this case (Fig. 3-10E, t,). The resulting
salinity is not high enough for free gas to stabilize in the RHSZ, because capillary

pressure at the base of RHSZ inhibits a large volume of free gas from entering the RHSZ.
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Moreover, the excluded salts are efficiently removed out of hydrate formation zone by
upward water flow. Thus, S, vanishes at the base of the RHSZ (Fig. 3-10D, t,).

Similar to Case 2, as more hydrate precipitates in pores and the seal capacity
increases, gas continues to accumulate until the height of the interconnected gas column
exerts sufficient buoyant force at its top to equal the overburden stress in the overlying
sediment (Fig. 3-10B, t3). At this point, large amounts of free gas migrate upward into the
overlying sediments within the RHSZ by opening fractures. The model ceases when the
gas pressure reaches the overburden stress.

4. Two-dimensional model of gas chimney

A two-dimensional model is adopted to study the formation of gas chimney and
the effect of lateral salt diffusion on its formation (Fig. 3-11). Gas chimney is modeled in
two dimensions assuming symmetry about a vertical zone with basal gas supply. The left
edge is the centerline of gas chimney. The left and right edges are no-flow boundaries.
The seafloor P and T are fixed at the initial values. A basal gas flux of 0.96 kg m” yr'' is
imposed on the inner three sediment columns, while there is no basal gas flux in the
surrounding sediments. The specified gas flux is similar to that observed at southern
Hydrate Ridge [Torres et al., 2004]. We consider one scenario where the capillary
pressure is neglected and one scenario where it is considered. Both simulations are run in
sand.

4.1 Gas chimney model without capillary pressure

The changes in capillary pressure with hydrate formation are neglected in this

case. A gas chimney forms with an advancing reaction front that separates the three-

phase zone behind from the surrounding sediments. The pore water salinity in gas
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chimney is sustained at the value required for three-phase equilibrium (Fig. 3-12A), while
the surrounding sediments have seawater salinity. Thus, as the reaction front advances,
the sharp lateral changes in salinity across the wall diffuse salts out of the chimney.
Meanwhile, hydrate formation at the reaction front initiates the flow of dissolved salts
away from hydrate (Fig. 3-12C). As a result, a region of positive salinity anomaly (i.e.,
salinity halo) occurs in the vicinity of gas chimney (Fig. 3-12A). Loss of salts shifts the
established three-phase equilibrium to allow for more hydrate formation. Thus, hydrates
need form additionally at the wall of the chimney to replace the salinity lost by lateral
diffusion (Fig. 3-12B). By contrast, inside the chimney, further hydrate formation is
inhibited by hyper-saline pore water.

The water and gas flow do not occur in the same direction. Water flow is solely
controlled by the pressure gradients, while gas flow is controlled by the combined effects
of water flow and buoyancy [England et al., 1987]. Water flows both upward and
laterally away from the propagating reaction front (Fig. 3-12C), where hydrate formation
changes fluid volume. In this case, buoyancy that is always directed upward dominates
over water potential gradients, because of the large contrast in density between free gas
and water (p,-p7~930 kg m™). Thus the resulting gas flow is predominantly vertical
(Fig. 3-12D).

The reaction front reaches the seafloor after only ~8 Ka. A hydrate-lined gas
chimney extends vertically through the RHSZ in sediment columns where gas is supplied.
The salinity within it increases sharply toward the seafloor (Fig. 3-13A). Sustaining
three-phase equilibrium within the chimney requires a continuous hydrate formation at its

wall to overcome the loss of salts. The salinity halo extends only ~30 m from the
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Fig. 3-12: (A) Salinity, (B) hydrate saturation, (C) water flow and (D) gas flow
associated with an evolving chimney at 1.0 Ka. Capillary pressure is neglected and
water depth is 800 m. A reaction front propagates upward, behind which three
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chimney wall (Fig. 3-13A), where the formed hydrate decreases porosity and increases
tortuosity of sediments (equation 3-7), inhibiting the efficient removal of salt from gas
chimney.

Hydrate formation is limited to the area of gas flux (Fig. 3-13B), because free gas
migrates only vertically in this case. Though the dissolved methane is transported out of
chimney by aqueous advection and diffusion, its concentration does not reach the
solubility to form hydrate. Thus a vertical, hydrate-lined gas chimney penetrates the
RHSZ (Fig. 3-13B). Gas steadily transports through the RHSZ inside the chimney, while
due to salt loss, gas flow decreases upward along the wall of the chimney (Fig. 3-13D).
4.2 Gas chimney model with capillary pressure

The changes in capillary pressure with hydrate formation are considered. A gas
chimney expands both upwards and laterally with an advancing reaction front (Fig. 3-
14B). The salinity for three-phase equilibrium is maintained within the chimney (Fig. 3-
14A). The main difference is that the driving force for free gas migration is no longer
only vertical. In this case, gas flow is determined by water flow, buoyancy and capillary
pressure. Water flows away from the advancing reaction front (Fig. 3-14C). Free gas
migration is aided by the buoyancy force but inhibited by the capillary effect. Hydrate
formation increases the capillary pressure in gas chimney, reducing vertical flow of gas.
The increased capillary pressure in gas chimney forces gas to migrate horizontally to
hydrate-free regions. Thus gas flow diverts laterally (Fig. 3-14D), causing the lateral
growth of gas chimney and hydrate layer.

Free gas breakthroughs the seafloor in the inner sediment columns after only ~8

Ka (Fig. 3-15D). At this point, free gas is directly vented to the ocean, gas flow diverts
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laterally, and gas chimney is wider at the top than at the base (Fig. 3-15B). Gas chimney,
hydrate formation and gas flow are not restricted to the area of basal gas supply, because
capillary pressure difference between inside and outside the chimney can cause the lateral
displacement of gas flow (Fig. 3-15D), enlarging the area of gas chimney.
5. Discussion
5.1 Comparison with other numerical models

Through flow-transport-reaction coupling, we account for transient hydraulic,
thermal and chemical signatures that develop in marine hydrates during its formation.
The model differs from the previous models in several aspects. First, the model tracks the
local changes in pressure, temperature and salinity that accompany hydrate formation,
rather than simply assumes the regional geothermal, hydrostatic and fixed salinity
conditions. Second, it accounts for the influence of P-T-salinity variations on CHy4
solubility and hydrate stability. Third, free gas is permitted in the RHSZ and hydrate may
occur below the RHSZ, depending on the local thermodynamic conditions. Three phases
may coexist over a vertical range instead of only at a single depth. Fourth, free methane
gas is allowed to move upward rather than remains trapped in sediments. The model
focuses the active role of free gas in fluid flow, mass transport and hydrate formation.
Last, sediment properties (e.g., porosity, permeability and capillary pressure) are
permitted to change with hydrate formation. The resulting permeability reduction and
capillary sealing may trap a critical gas column below the hydrate zone.
5.2 A critically pressured gas column below southern Hydrate Ridge

Trehu et al. [2004a] showed that a critical gas column thickness exists below

southern Hydrate Ridge, offshore Oregon. This critical gas column exists within a
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dipping, permeable layer - Horizon A. Gas saturation estimated from density log and gas
column height estimated from seismic data are sufficient to support a critically pressured
gas column [Trehu et al., 2004a]. The BSR is disrupted when the BSR crosses the RHSZ.
A gas chimney is present above the disrupted BSR. We speculate that at the early stage,
gas and water concurrently migrated updip through Horizon A. Hydrate formed once free
gas entered the RHSZ. However, the excluded salts were efficiently removed from gas
hydrate by the concomitant water flow, preventing the buildup of salt. Thus free gas
accumulated in Horizon A below the BSR rather than continued to move updip by
generating three-phase equilibrium. As hydrate precipitated in pores and the seal capacity
increased, the gas column height continuously increased until the gas pressure at its top
reached the overburden stress to open fractures. At this point, the critically pressured gas
column forced gas upward through the RHSZ, forming the gas chimney.

ODP (Ocean Drilling Program) Site 1250 at the crest of southern Hydrate Ridge
does not show significant salinity anomaly, though it is only ~200 m from the postulated
salty gas chimney [Liu and Flemings, 2005]. Our two-dimensional model shows that at
the specified gas flux of ~0.96 kg m™ yr'', the gas chimney may rapidly extend toward
the seafloor after only ~8 Ka. Since chemical diffusion is small relative to gas flux, the
salinity halo is only significant adjacent to gas chimney (~30 m). Thus Site 1250 has no
enrichment of salinity that is likely transported laterally from gas chimney. Complete
diffusion of excluded salts out of the gas chimney will take significantly long time.

5.3 Influence of hydrate growth habit
The permeability of hydrate-bearing sediments depends crucially on where

hydrate forms in pores [Kleinberg et al., 2003]. In the one-dimensional simulations, we
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assume that hydrate forms in the centers of pores. This growth habit causes rapid
permeability reduction and capillary sealing to free gas. But there is a small effect on
fluid flow if hydrate coats the wall of pores [Kleinberg et al., 2003]. If pore-coating
model is instead assumed in these simulations, permeability reduction is much less
significant (Fig. 3-4). Given that the capillary pressure is inversely proportional to the
permeability (equation 3-11), hydrate-bearing sediments at the base of the RHSZ would
not form an efficient capillary barrier to upward gas migration. The gas pressure is not
allowed to build up below the hydrate layer. As a result, free gas would move through the
RHSZ by generating three-phase equilibrium more likely than by opening fractures.
5.4 Implications for the presence of BSR

A strong BSR is present where the base of the hydrate zone coincides with the top
of free gas [Bangs et al., 1993; Holbrook et al., 1996]. At high gas flux, a three-phase
zone appears in the RHSZ, Three phases coexist over a range of depths, instead of an
interface only. Free gas is continuously present across the base of the RHSZ, reducing the
contrast in acoustic impedance. Thus a weak or disrupted BSR is formed. However, at
low gas flux, hydrate and free gas coexist at the base of hydrate stability zone, producing
a strong BSR. The spike in Sy, at the base of the stability zone also strengths the BSR.
Simulations indicate that strong BSRs are present in low-gas flux regions where the base
of gas hydrate coincides with the top of free gas, whereas weak or disrupted BSRs occurs
in high-gas flux regions (e.g., southern Hydrate Ridge).
6. Conclusions

(1) In coarse-grained sediments, hydrate formation at the base of the RHSZ

cannot increase the capillary entry pressure enough to trap free gas. Thus a large amount
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of free gas is supplied into the RHSZ to produce a significant increase in salinity via
hydrate formation. High salinity pore water can freely transport free gas through the
RHSZ toward the seafloor. In this system, hydrate concentration increases toward the
seafloor and all hydrates are located at three-phase equilibrium.

(2) In fine-grained sediment, hydrate formation at the base of the RHSZ leads to
rapid permeability reduction and capillary sealing with respect to gas. The capillary seal
prevents methane gas from migrating. Thus free gas progressively accumulates beneath
the hydrate zone until the critical gas column height is reached. Thereafter the gas
pressure at the top of gas column is sufficient to fracture the overlying sediments, thus
forcing gas venting through the RHSZ.

(3) In regions of high gas flux, lateral diffusion of salts is slow enough for gas
chimney to rapidly extend to the seafloor. Thus the salinity halo is only significant in the
immediate vicinity of chimney. Increases in capillary pressure with hydrate formation

divert gas flow laterally, leading to the lateral growth of chimney and hydrate.

Nomenclature

K — component

m — methane component
s — salt component

W — water component

B — phase

h — hydrate phase

1 — liquid phase

v — vapor phase

¢ — porosity (dimensionless)
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B¢ — pore compressibility (Pa™)

pp — density of phase 3 (Pa™)

ug — viscosity of phase 3 (Pa-s)

k — absolute permeability (m?)

kg — relative permeability of phase B (dimensionless)
q" — source or sink of component k (kg m™ s™)

vg — Darcy velocity of phase 3 (m s

D" — chemical diffusivity of component k (m”s™)
F* — mass flux of component « (kg m™s™)

M" — mass accumulation of component «k (kg m>s™)
Pg — pressure of phase 3 (Pa)

Sp— saturation of phase 3 (dimensionless)

T — temperature (°C)

X é‘ — mass fraction of component k in phase 3 (dimensionless)
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Chapter 4

NUMERICAL MODELING OF HYDRATE DISSOCIATION IN

MARINE SEDIMENTS

Abstract

The response of methane hydrate to environmental changes strongly depends on
the in situ hydrate stability and hydrate formation mechanism. At high gas flux, hydrate is
formed as a three-phase (hydrate + liquid + gas) zone extends from the base of hydrate
stability to the seafloor. All hydrates within this zone are already at the three-phase
boundary, and thus are most vulnerable to methane release. Within the three-phase zone,
hydrate dissociation is thermodynamically regulated by the decrease in salinity required
for three-phase equilibrium with increasing temperature. The three-phase zone is also
critical for transporting the dissociated free gas to the ocean. We estimate that at South
Hydrate Ridge, bottom-water warming from 4°C to 8°C can release ~70% of methane
stored in hydrates from the three-phase zone, offering a mechanism for rapid methane

release during the warming event.
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1. Introduction

Hydrate is an ice-like mineral formed when water freezes in the presence of
sufficient methane and other low molecular weight gases [Sloan, 1998]. Gas hydrate is
stable at high pressures and low temperatures, commonly found along continental
margins at water depths greater than 300 m [Kvenvolden, 1993]. Because temperature
increases with depth, gas hydrate is stable only in the upper few hundred meters below
seafloor. The shallowness of the hydrate stability zone implies that changes in pressure
and temperature at the seafloor would result in the dissociation or formation of sub-
seafloor gas hydrates [MacDonald et al., 1990]. Because as much as ~10,000 GT of
carbon may be trapped in marine methane hydrate [Kvenvolden, 1993], hydrate
dissociation and methane escape to the ocean and atmosphere may play a role in global
climate [Dickens et al., 1995; Kennett et al., 2000; Dickens, 2003]. However, the nature
and mechanism of gas escape to the ocean is poorly understood. In particular, the hydrate
phase equilibrium (e.g., its proximity to the three-phase boundary) and its role in gas
escape and climate change are unclear.

Dickens et al. [1995] suggested the release of methane from the seafloor
sediments during the late Paleocene thermal maximum (LPTM). They showed that the
observed excursion of §"”C recorded in carbonate and organic matter deposited during
this time is consistent with the addition of ~10'® g of CH4 from methane gas hydrate to
the oceans over ~10" years.

Harvey and Huang [1995] and Xu et al. [2001] investigated the response of
oceanic hydrates to seafloor pressure P and temperature 7 changes and determined the

change in seafloor methane flux as a result of hydrate dissociation. In their models,
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hydrates are initially at two-phase equilibrium (hydrate + liquid), dissociated gas is
transported to the seafloor by aqueous flow, and the emission rate is limited by the low
methane solubility in water. Although the temperature increase may release a large
amount of methane from hydrates near the base of the initial hydrate stability zone, much
of dissociated gas will migrate back into the stability zone and recrystallize as hydrate at
shallower depths. Thus hydrate dissociation cannot cause a large increase in methane
emission to the ocean.

In this chapter, we extend the model that we have developed to include hydrate
dissociation due to environmental changes. The extended model is used to investigate the
response of hydrate reservoirs to an abrupt temperature increase at the seafloor in two
scenarios. In one scenario, hydrates are initially at two-phase (hydrate +liquid)
equilibrium, while in the other scenario, hydrates are initially at three-phase
(hydrate+liquid+gas) equilibrium. In both scenarios, we quantify the changes in the
vertical distribution of gas hydrate/free gas and the methane emission across the seafloor,
as a result of hydrate dissociation.

Our simulations suggest that the changes in methane emission to the ocean
strongly depend on hydrate stability and its formation mechanism. In regions of low gas
flux, hydrate is precipitated from water in the two-phase (hydrate + liquid) region. The
dissociated gas cannot be released to the ocean until the warming is large enough to
completely dissociate the original hydrate layer. However, in regions of high gas flux,
hydrate is formed as a three-phase zone progressively expands to the seafloor. The three-
phase zone increases the amount of hydrates located at the three-phase (hydrate + liquid

+ gas) boundary; hence it would easily and rapidly respond to changes in external
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conditions. The three-phase zone also provides a mechanism for transporting the
dissociated gas to the ocean. We show that a 4°C increase in seafloor temperature can
release 70% of methane previously stored in hydrates from the three-phase zone.

2. Governing Equations, Processes and Assumptions

The process of methane release to the ocean involves multi-phase fluid flow
within a sediment-gas-water system. We extend the model developed for hydrate
formation (Appendix C) to describe hydrate dissociation in oceanic sediments. Similarly,
there are three mass balance (methane, water salt) equations (Appendix C.1-C.3) and one
energy balance equation (Appendix C.4). These balance equations, combined with the
thermodynamic conditions, provide a complete description of hydrate dissociation in
porous media.

Hydrate dissociation has negative feedbacks on the dissociation process itself [ Xu
et al.,2001; Xu, 2002]. For example, pressure builds up with hydrate dissociation. This
increase in pressure tends to stabilize hydrate and inhibit further dissociation. Hydrate
dissociation also releases fresh water and locally decreases pore water salinity. This
decrease in salinity can suppress further hydrate dissociation. The model presented here
includes these dynamic feedbacks of hydrate dissociation.

We assume the following. (1) Hydrate dissociation follows equilibrium. (2) Latent
heat associated with hydrate formation and dissociation is neglected. (3) The effect of in
situ methane production and sedimentation is neglected. (4) Fluid flow in both liquid and
gas phases occur under pressure, capillary and gravitational forces, according to the

multiphase Darcy’s law that includes the effect of relative permeability. (5) Most of the
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dissociated methane is transported upward by free gas migration. (6) Diffusion is only
considered in the liquid phase.
3. Simulation Results

We run three different models to show the processes of hydrate dissociation in the
present-day marine environment with bottom-water temperature of ~4°C (table 1): (1)
dissociation of hydrates at two-phase equilibrium in response to a small (Case 1) and a
large (Case 2) warming event; (2) dissociation of hydrates at three-phase equilibrium in
response to a small warming event (Case 3). All scenarios are run in sand.
3.1 Dissociation of hydrates at two-phase equilibrium

The model is initialized by running it for 300 Ka with the methane, water and salt
fluxes of 0.004, 2.50 and 0.75 kg m™ yr™'. Initially, hydrates occupy only ~5% pore
volume in the center of the hydrate stability zone (Fig. 4-1C, t;), where the methane
concentration exceeds the solubility (Fig. 4-1B, t;). There is no significant salinity
buildup (Fig. 4-1D, t;) and no free gas (Fig. 4-1C, t;). This hydrate system is at two-phase
equilibrium, where the liquid phase (with dissolved gas) coexists in equilibrium with
hydrate. The temperature of hydrate is lower than the three-phase boundary (Fig. 4-1A,
t;). We evaluate the response of this hydrate system to a sudden warming.
3.1.1 Case 1: A bottom-water warming of 4°C

A sudden temperature increase from 4°C to 8°C is imposed at the seafloor. A
thermal front propagates downward (Fig. 4-1A, t;). The intersection of geotherm with the
three-phase (L+G+H) boundary defines the base of the hydrate stability zone, which
correspondingly shifts upward. Dissociation begins at the bottom of the hydrate zone,

while hydrates above remain stable. Then dissociation progresses upward. Dissociation of
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Table 3 Initial conditions and amounts of methane release for three hydrate

dissociation scenarios

Dissociation Case 1

Dissociation Case 2

Dissociation Case 3

q™ (methane flux) 0.004 kg m™ yr! 0.004 kg m™ yr! 0.96 kg m? yr’!
q" (water flux) 2.50 kg m? yr’! 2.50 kg m? yr’! 0
q’ (salt flux) 0.75 kg m™ yr! 0.75 kg m? yr’! 0
q° (heat flux) 55 mW m™ 55 mW m™ 55 mW m™
In situ hydrate stability Two-phase Two-phase Three-phase
equilibrium equilibrium equilibrium
Initial bottom-water 4°C 4°C 4°C
temperature
Initial amount of CH, in
hydrate per m” seafloor 366 ke 366 ke 5950 kg
Initial amount of CH, in
free gas per m” seafloor 0kg 0 kg 530 kg
Initial amount of CH, in
liquid per m*seafloor 444 kg 444 kg 312 kg
Total initial amount of
CH, per m’ seafloor 810 kg 810 kg 6792 kg
Bottom-water warming 4°C 8°C 4°C
Amount of CH, in
hydrate per m* seafloor 191 kg 0 kg 2046 kg
after warming
Amount of CH, in
free gas per m” seafloor 172 kg 158 kg 548 kg
after warming
Amount of CHy in
liquid per m” seafloor 454 kg 469 kg 360 kg
after warming
Total amount of CH,
per m” seafloor 817 kg 627 kg 2954 kg

after warming
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Fig. 4-1: Evolution of (A) temperature, (B) dissolved methane concentration, (C) water
and gas fractions of pore volume, and (D) salinity at three times (0, 1 and 14 Ka) during
hydrate dissociation. The temperature at the seafloor increases from 4°C to 8°C.
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hydrate produces free gas below the shoaling base of the hydrate zone (Fig. 4-1C, t,).
Due to the large contrast in density between water and gas, dissociated gas migrates
upwards under buoyancy once the residual gas saturation (S,,=2%) is exceeded. However,
upward-migrating gas recrystallizes as hydrate at shallower depth, producing a spike in S},
(Fig. 4-1C, t,). Hydrate dissociation releases fresh water and decreases salinity, whereas
recrystallization depletes fresh water and increases salinity (Fig. 4-1D, t,).

The temperature re-equilibrates after ~14 Ka (Fig. 4-1A, t3). In this case, the 4°C
seafloor temperature increase does not completely dissociate the original hydrate zone.
The base of hydrate stability zone shoals from 130 to 50 mbsf (meters below seafloor)
(Fig. 4-1A, t3). Hydrate is progressively enriched (~15% pore volume) at the base of the
new hydrate stability zone by a process of continuous dissociation, upward transport of
gas and recrystallization at shallower depths (Fig. 4-1C, t3). A small fraction of
dissociated gas remains in sediments below the layer of concentrated hydrate (Fig. 4-1C,
t3), where S, 1s near the residual value (~2%) and gas becomes immobile.

The methane emission rate at the seafloor increases very little (Fig. 4-2). In this
case, only dissolved methane is vented to the ocean and the rate is limited by its low
solubility in pore water. Methane concentration is always sustained at its solubility in the
hydrate zone, while it is set to zero at the seafloor. Methane solubility in the presence of
hydrate (L+H) slightly increases with temperature (Fig. 4-1B), causing a steeper
curvature in methane concentration near the seafloor. Thus the methane emission to the
ocean increases. But the maximum venting rate increase caused by the seafloor
temperature increase is only 20% of its original level (~0.4x10™"° kg m™s™) (dashed line

in Fig. 4-2).

87



Methane emission rate at the seafloor

© (10-10 kg CH; m2 s'1)
=) T T T T T
% | |
aQq
=
<+
T
50 < Emission rate before
4 bottom-water warming
S Bottom-water (~0.4 x 10-10 kg CHy m-2 s-1)
S [ warming 7
(\! + | | | |
e 0 5 10
Time (Ka)

Fig. 4-2: Change in methane flux to the ocean (solid line) as the temperature at the
seafloor increases from 4°C to 8°C. The dashed line is the methane flux to the ocean
before the seafloor temperature increases.
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3.1.2 Case 2: A bottom-water warming of 8°C

Case 2 differs from Case I only in that a sudden temperature increase from 4°C to
12°C is imposed at the seafloor. In this case, dissociation begins instead at the top of the
hydrate zone (Fig. 4-3C, t,), where the temperature reaches the three-phase (L+G+H)
boundary curve (Fig. 4-3A, t;), and then progresses downward; dissociated gas in this
region rapidly migrates to the surface under buoyancy without being recrystallized as
hydrate at shallower depths. Hydrate dissociation at the top of the hydrate zone releases
fresh water and decreases salinity (Fig. 4-3D, t,).

At t3, the temperature is everywhere elevated above the three-phase boundary
curve (Fig. 4-3A, t3). The imposed warming exceeds the difference between the in situ
temperature and the temperature for three-phase equilibrium at the seafloor (Fig. 4-3A, t)
and the new base of the hydrate stability zone is situated well above the seafloor. Thus
warming can eliminate the hydrate stability zone entirely, and most of dissociated gas can
freely migrate to the seafloor, which results in a high rate of methane emission. A small
faction of dissociated gas (~2% pore volume) remains in the system (Fig. 4-3C, t3),
because gas permeability becomes small when S; is reduced to the residual level.

The change in methane emission to the ocean occurs rapidly (Fig. 4-4). There is a
~0.4 Ka lag between the increase in gas venting and the surface temperature perturbation,
which is the time required for the thermal front to propagate downward and the
dissociated gas to migrate upward. When dissociated free gas reaches the seafloor, the
gas venting rate greatly increases to ~500 times (~0.2x107 kg m™s™) of its original level

(~0.4x10™"" kg m™?s™), but lasts only for a short time (Fig. 4-4). Because warming can
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eliminate the hydrate stability zone entirely, the increase in gas venting rate is much
larger than that obtained under a seafloor temperature increase of only 4°C.

3.2 Dissociation of hydrates at three-phase equilibrium (Case 3: A bottom-water
warming of 4°C)

A high gas flux must be present to produce a three-phase system. The model is
initialized (dashed lines in Fig. 4-5) by running it for 7 Ka with the basal gas flux of 0.96
kg m® yr''. This gas flux is close to that found at southern Hydrate Ridge [Torres et al.,
2004]. Initially, a three-phase zone extends from the base of hydrate stability to the
seafloor, in which three phases coexist and hydrate is concentrated toward the seafloor
(~80% pore volume). The free gas within the three-phase zone forms an interconnected
phase, providing a direct pathway for free gas migration through the hydrate stability
zone. A sudden temperature increase from 4°C to 8°C is imposed at the seafloor. The
simulation is then carried out for another 20 Ka.

The pore pressure dissipates fast in sand during hydrate dissociation. A pressure
surge travels downward as dissociation proceeds (Fig. 4-6). Its magnitude reaches a
maximum of only ~0.06 MPa and decreases with time. The pressure surge results from
the sudden release of methane from the dissociating hydrates, because the dissociated gas
and water occupy a greater volume than the original hydrate (Fig. 4-6 inset) [Kvenvolden,
1993]. However, the three-phase zone can efficiently remove the dissociated gas from the
hydrate to the seafloor. Thus there is no significant pressure build-up during dissociation
to inhibit further dissociation.

A thermal front propagates downward after the surface temperature perturbation

is imposed (Fig. 4-5A). Hydrate dissociation occurs first immediately below the seafloor
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(Fig. 4-5B) and progresses downward; and dissociated methane in this region is rapidly
released to the ocean. At <1 Ka, the thermal gradient is reversed near the seafloor (Fig. 4-
5A) and induces downward heat flow from the ocean. Later, hydrate dissociation also
occurs at the base of the hydrate zone, when the warming reaches this depth at ~2 Ka.
The temperature eventually re-equilibrates at ~20 Ka.

Hydrate dissociation releases fresh water and decreases salinity (Fig. 4-5C). The
dissociation process follows equilibrium and the decreased salinity inhibits further
hydrate dissociation. Note that if pressure changes small, the salinity needed for three-
phase equilibrium decreases sharply with increasing temperature [Liu and Flemings,
2005]. Hydrate dissociation continues until the salinity decreases to the point that venting
gas is in equilibrium with undissociated hydrate at the elevated temperature. As a result,
in regions where three phases coexist, the evolving P, 7" and salinity follow the three-
phase stability conditions during dissociation until hydrate is completely depleted.

The gas flux increases toward the seafloor as dissociated gas is added to the
venting gas at each depth (Fig. 4-5D). As the thermal front propagates downward, the
thermal gradient increases with depth (Fig. 4-5A). The continuous variations in thermal
gradient allow hydrates to dissociate over a broad zone (Fig. 4-5B), where large amounts
of methane gas are released. The dissociated gas then rises buoyantly. However, in this
case, the upward-migrating gas does not refreeze at shallower depths, because the three-
phase stability conditions are always sustained during hydrate dissociation. Thus most of
the dissociated gas can reach the seafloor with the direct pathway provided by the three-
phase zone. Due to the high mobility of dissociated gas, the buoyancy effect and the

pressure increase caused by volume expansion lead to the immediate release of methane
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at the seafloor. Therefore, in this case, the dissociation of sub-seafloor hydrates can
directly affect the gas venting rate at the seafloor (Fig. 4-5D).

A new three-phase zone exists closer to the seafloor after the temperature re-
equilibrates at ~20 Ka (Fig. 4-5B). The new three-phase zone becomes thinner, fresher
and less hydrate-enriched. Small amount of hydrate (~20% pore volume) remains in this
zone, where the decreased salinity caused by dissociation stabilizes hydrate and prevents
further dissociation (Fig. 4-5C). The undissociated hydrate is now in equilibrium with
venting gas at the increased temperature and decreased salinity. The hydrates in the
region between the original and new three-phase zone (dashed line and 20 Ka in Fig. 4-
5B, respectively) have dissociated. The dissociated free gas escapes to the ocean via the
three-phase zone rather than recrystallizes at shallower depths. Fig. 4-5B shows that a
4°C temperature increase at the seafloor can release 70% of methane previously trapped
in hydrates through the three-phase zone.

The gas venting rate across the seafloor changes rapidly (Fig. 4-7). The largest
increase in venting rate occurs shortly after the step-function temperature increase. Then
this response gradually decreases to the basal gas flux through the system (dashed line).
The maximum venting rate caused by bottom-water warming more than doubles the basal
gas flux, which is already high (~0.32x107 kg m™ s™). And the elevated gas venting rate
persists for several thousand years.

There is no time lag between the increase in gas venting rate and the increase in
seafloor temperature (Fig. 4-7). The reasons are: (1) hydrates are already at the three-
phase boundary. Thus hydrates need not be heated to the three-phase boundary before

they dissociate; (2) the reversed thermal gradient near the surface induces downward heat
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flow, accelerating hydrate dissociation; (3) dissociated gas is removed rapidly enough
that pressures do not increase sufficiently to inhibit further dissociation.

4. Discussion

4.1 Hydrate reservoir stability

According to Case I and Case 2, if hydrates are initially at two-phase
equilibrium, a significant increase in gas venting rates occurs only if the bottom-water
warming is large enough to completely eliminate the hydrate stability zone. If water
depth is 800 m and bottom-water temperature is 4°C (present-day condition), we
calculate that a warming of >6.5°C at the seafloor is required for hydrates initially at two-
phase equilibrium to be completely destabilized and released to the ocean.

However, Case 3 suggests that seafloor temperature increase may release a large
amount of methane stored in hydrates to the ocean, if hydrates are initially at three-phase
equilibrium. There are two main reasons for this behavior. First, dissociated methane is
transported upward as free gas and the emission rate is not limited by the low methane
solubility in water. Most of the dissociated gases can directly escape to the ocean via the
three-phase zone and do not refreeze at shallower depths. Second, a concentrated hydrate
accumulation at three-phase equilibrium is initially available for dissociation. Changes in
P-T-salinity in the hydrate zone follow equilibrium during dissociation. The salinity
necessary for three-phase equilibrium decreases rapidly with temperature [Liu and
Flemings, 2005]. Thus for the three-phase equilibrium to be sustained at the increased
temperature, a large amount of hydrate must be dissociated to decrease salinity. The
sharp increase in seafloor gas venting indicates that hydrates at three-phase equilibrium

may play an important role in the climate changes.
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Our model is analogous to that in Cathles and Chen [2004]. They presented a
kinetic model of hydrate dissociation caused by changes in bottom-water temperature.
Gas hydrate and free gas initially coexist throughout the hydrate stability zone. Due to the
fractionation effect, gas hydrate is initially enriched in wet gas components (Cs+Cy),
while venting gas is depleted in C3+C,. As temperature increases, hydrate must be
dissociated to release Cs+C; to bring the gas into equilibrium with hydrate. In our model,
the hydrate zone is buffered at three-phase equilibrium by the presence of salts in pore
water. Similarly, hydrate must be dissociated to release fresh water to maintain the three-
phase equilibrium at the increased temperature.

There are evidences for very rapid dissociation of hydrate. Measured excursions
in venting rate exhibit a positive correlation with increases in bottom-water temperature
over time at Bush Hill, Gulf of Mexico [MacDonald et al., 1994; Cathles and Chen,
2004]. Gas venting is affected by changes in tidal loading at Hydrate Ridge [Torres et al.,
2002]. Gas vents and near-seafloor hydrates occur at both Bush Hill and Hydrate Ridge,
where methane may coexist in all three phases. These hydrates at three-phase equilibrium
would more easily and rapidly respond to bottom-water warming or sea-level lowering.
Only small, short-term transient seafloor P-7" changes can initiate hydrate dissociation.
We envision that variations in seafloor gas venting are consistent with the dissociation of
hydrates at three-phase equilibrium and the consequent release of methane, caused by
changes in external conditions.

The hydrate accumulation at three-phase equilibrium also has important
implications for gas production from natural hydrates. High hydrate concentrations

initially occur because of the basal high gas flux. This accumulation is more easily
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recovered because of its proximity to the dissociation boundary. The minimum amount of
pressure drop, thermal energy and inhibitor is required to stimulate recovery.
4.2 Rapid methane release by submarine landslides

Another efficient mechanism for releasing methane to the ocean is the slumping
on the continental margins. The volume change associated with hydrate dissociation can
elevate pore pressure and reduce the strength of the sediment [Kayen and Lee, 1991]. A
large pressure buildup due to hydrate dissociation may lead to slope failures where gas
hydrate is present, such as the Beaufort Sea Margin [Kayen and Lee, 1991], the Cape
Fear Slide of the Blake Ridge [Paull et al., 1996], and the Storegga Slide of the
Norwegian Margin [Vogt and Jung, 2002]. Consequently, these slope failures could also
cause rapid release of both the destabilized methane and the free gas previously trapped
below the hydrate zone.

The development of excess pressure during hydrate dissociation is largely
controlled by pressure dissipation properties (i.e., permeability and compressibility) of
the sediment [Kayen and Lee, 1991]. In relatively permeable sand, dissociated free gas is
readily removed from the hydrate via the three-phase zone, and pressure is then allowed
to dissipate by fluid flow. Thus no significant pressure builds up to potentially induce
slope failure in this case (Fig. 4-6).

4. Conclusions

(1) Hydrate coexists with liquid water in regions of low gas flux. In this type of
hydrate system, although a temperature increase can release a large amount of gas from
hydrate, the dissociated gas will move upward and refreeze as hydrate at shallower

depths. Thus the dissociation process does not directly affect the methane emission to the
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ocean. The dissociated free gas can escape to the ocean only when the surface warming is
so high that no hydrate can remain stable at the seafloor.

(2) Massive release of methane from gas hydrate depends on its proximity to the
three-phase boundary. Where methane flux is high, there is a three-phase zone from the
base of the hydrate stability zone to the seafloor. The three-phase zone increases the
amount of hydrates located at the three-phase boundary; thus it can rapidly respond to
environmental changes. Hydrate dissociation within the three-phase zone is regulated by
changes in salinity required for three-phase equilibrium with temperature. The
dissociated free gas can be released to the ocean via the three phase zone, even though
hydrates do not completely dissociate during a small warming event. We estimate that a
4°C increase in seafloor temperature can release 70% of methane stored in the hydrate
system that is initially at three-phase equilibrium, providing a mechanism for rapid

methane release.
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Appendix A
THERMODYNAMIC CALCULATIONS OF

GAS HYDRATE STABILITY

(1) The L+G phase equilibrium
Liquid-gas phase equilibrium exists, when the chemical potential of methane in

the liquid phase equals that of methane in the gas phase:

0
Hen,

T + 22 7\‘CH4—cmc + 22 7\‘CH4—ama + Z Z Z‘:CH4—a—cmcma >

In My = In xCH4P+ln (1)CH4 -

(A.1)

where mcpy4 1s the methane solubility, X cug 1s the mole fraction of methane in the gas
phase, dcnq 1s the fugacity coefficient of methane in the gas phase, picpa is the chemical
potential of methane, A and £ are the ions interaction parameters, a is the anion and c is
the cation. We assume that negligible water exist in gaseous CHy. The virial equation of

state in Duan et al. [1992] is used to describe the properties of methane gas phase
(.8, ¢y, )- The parameters of uOCH4 s Mcrt,—as Men,—cr Gemyoae 10 (A1) 1s given by Duan et
al. [1992].
(2) The L+H phase equilibrium
The equilibrium conditions between hydrate and liquid water are established by

Henry et al. [1999]. The chemical potential of water in the hydrate phase (u, ) is

assumed to equal that of water in the liquid phase (p," ) (i.e., u," =, ). p, is given by

My =y + D viIn(l-m,), (A2)
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where ' is the chemical potential of water in the hydrate lattice with all cages empty

(i.e., the empty lattice), n; (1i=1,2) is the degree of occupancy of the small and large cages,
v; is the number of cage of type i per molecular of water. The empty hydrate lattice serves

as a hypothetical reference state. The cage occupancy (1) is estimated by

_Cf
1+Cf

n; - (A3)

where C; is the Langmuir constant for cage type i and f'is the fugacity of methane.
Parameters from Munck and Rasmussen [1988] are used for the computation of the
Langmuir constants.

We calculate the chemical potential difference of water between the empty lattice

and the pure state according to

By —H
RT

@, )=t _H (PO,T) j—d j—dP—lna (A.4)
where P and T are the pressure and temperature at which hydrate forms, Py and Ty are the
pressure and temperature of the standard reference state (T¢=273.15 K and P¢=1 bar). The
first term on the right side of (A.4) defines the chemical potential difference for the
reference state. The second and third terms account for the enthalpy (H) and volume (V)
differences between the empty hydrate lattice and the liquid water. ay, is the activity of
water, which represents a measure of the effective concentration of water in the solution.
The activity of water for mixed electrolyte solutions is calculated according to Dickens
and Quinby-Hunt [1997].

The L-H phase equilibrium is computed by equating the water chemical potentials

in the hydrate and liquid phases (p, =y, ). Combining (A.2), (A.3) and (A.4), we obtain
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PV

Hl -V
—dP Ina_, =0

Zv In(1—n; )+

(A.S5)
The equilibrium methane fugacity is first calculated from (A.5) and from the Langmuir
constants. The equilibrium methane solubility is then computed from the methane

solubility model of Duan et al. [1992].

110



Appendix B
HALF-SPACE SALT DIFFUSION WITH

GAS SUPPLY FROM DEPTH

Consider a vertical zone of elevated salinity through which gas is being
transported within the RHSZ. At depth z, the gas chimney is kept at three-phase
equilibrium salinity C.q(z) and initially the bounding pore water has normal salinity Csy.
The total amount of salt lost from the chimney to the bounding pore water is given by

(mass per unit area) [ Turcotte and Schubert, 2002]

20p,[C,,(2)-C, 1\F (B.1)

where D is the chemical diffusivity for Cl'. Equilibrium requires further growth of the
hydrate to compensate the loss of salt by lateral diffusion. The chimney is maintained at
three-phase equilibrium by further hydrate formation. If Sy, increases by AS, over a time
interval t, S,, decreases by AS, accordingly. Note that S,, and Sy, refer to the volume
fractions of water and hydrate in the original space and that free gas expands the volume

when it becomes stable. Thus, the amount of salt in the chimney decreases by (mass per

unit area)
¢p,bC, (2)AS, (2, 1), (B.2)

where b is the half-width of the chimney. This provides a minimum estimate of the
change in S,,. Following mass conservation for salt, the decrease in the amount of salt in
the chimney equals that lost to the bounding pore water. By equating (B.1) and (B.2), we

obtain
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0p.bC, (2)AS, (z.) =20p, [C, () - C,, 1\/E - (B.3)
T

Over this time interval, the Sy, increase needed to maintain the equilibrium is

ASh(z,t)zé{ CC()J\/F (B.4)

The rate of CHy4 depletion (mass per unit volume per unit time) as a result of loss of salt is

given by

M
CH, o, aASgt(z, t) (B.5)

qsink (Z, t) = M

h

where M, and M, are the molecular weight of methane and hydrate respectively.

Substituting (B.4) into (B.5) yields

_ MCH4 ph \/7 ( 6
Qinic (2,1) = M, Ceq( 2) )

Integrating qsink along the chimney with height Z, we obtain the total rate of CHy4

depletion (mass per unit area per unit time) due to loss of salt
zZ
Qunic (0= [ Qi (2, )dz. (B.7)
0

The gas supply rate from depth is denoted by Qsource (ass per unit area per unit time).

IfQ,, ... > Q... free gas is rapidly supplied into the chimney relative to the rate at which

the excluded salt laterally diffuses. Gas supply is sufficient to maintain the chimney at

three-phase equilibrium. IfQ < Qg » diffusion of salt is significant compared with

gas supply and three-phase equilibrium cannot be maintained.
At southern Hydrate Ridge, we assume the gas chimney has a porosity of 0.6, a

height of 120 m and a half-width of 150 m (Fig. 2-10). Based on dating of the vent
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carbonates [Teichert et al., 2003], the gas chimney extended to the ridge crest at ~7 Ka
BP. Given the chemical diffusivity D=10" m* s [Rempel and Buffett, 1997], gas supply
(~10? mol CH m™ year™) is more rapid than gas depletion (<10 mol CH; m™” year™)

caused by loss of salt. Thus, it is reasonable to assume no large-scale diffusion.
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Appendix C

GOVERNING EQUATIONS FOR HYDRATE FORMATION AND

DISSOCIATION

The mass balance equation for methane (superscript m):

a( ZPBSﬁXBﬁ j
L Zdlv{

at B=Lv

X7 (VP, - pﬁg)}—div{d)D;“prX[“}— q" =0.(C.1)

The mass balance equation for water (superscript w):

5[ 2 PSyXBy J
p—"t Zdw{
=l

ot

X3 (VP, pBg)} div{oD!p,VX} |-q" =0.(C.2)
B

The mass balance equation for salt (superscript s):

a[ZpBSBXBE]
¢ i Zdlv{ (VP pBg)} le{(I)D prXs} q'=0.(C.3)

ot
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Appendix D
FINITE DIFFERENCE APPROXIMATION OF GOVERNING

EQUATIONS

(1) Discretized equations

The mass and energy balance equations given by (3-1) are discretized in space
and time using the finite difference method [Falta et al., 1992]. For element / with a
volume of V;, the accumulation terms in (3-1) are:

% M"dV, = %VIMT, (D.1)

where M is the average value of M"over the volume V; Similarly, the sink/source
terms in equation (3-1) become:

Jadvi=vai. (@2

And the flux terms in equation (3-1) become:

JF ndh =3 AE,.  (D3)

where A, is the area of the interface between elements / and m, and F}, is the flux of

component k between elements / and m. Substituting equations (D.1-D.3) into the
governing equation (3-1) yields:

dMr 1
=—>» A _F' +q;. D4
dt Vl ; Im™ Im ql ( )

The accumulation terms are discretized in time using a first-order finite difference

approximation. The flux and sink/source terms are evaluated at the new time

n+l

levelt™ =t" + At to avoid numerical instability in multiphase flow simulation. The mass
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and energy balance equations are written in a discretized form in terms of the residual of

each component in each element [Falta et al., 1992]:
Rr,nﬂ — Mr,nﬂ MK n __{ZAlmFKmnH + V K, n+1} — O , (DS)

where x is methane, water, salt and heat. For a flow domain discretized into N blocks,
(D.8) yields a system of 4N coupled nonlinear equations.
The gas phase mass flux term is approximated using a first-order finite difference

in space as:

K kr p P - P m
Fg,]m = _klm( =5 J ( g’ld S pg,lmg] > (D6)
Mg Im Im

where dj,, is the distance between the centers of elements / and m. The subscript /m
indicates that the parameter is evaluated at the interface between elements / and m.
Different physical parameters require different interface weighting algorithm. For
example, we use upstream weighting to calculate the phase mobility and harmonic
weighting to calculate the intrinsic permeability. The component mass fluxes in the liquid

phase are:

K k Pw - P K
FW Im = _klm( erW ] [ ’ld pw lmgj + JW Im * (D7)
MW Im

Im

The diffusive mass fluxes for methane and salt are:

K K

R (5 led—w (D.8)

Im
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(2) Newton-Raphson Method
A residual-based Newton-Raphson method is used to iteratively solve the
nonlinear balance equations given by (D.5). Newton-Raphson method may be expressed

as [Farnstrom and Ertekin, 1987, Falta et al., 1992]:

R<Xp+l)=R(xp)+(8R_<X>j"(xw_Xp), (0.9)

ox

where x is the vector of primary variables in each element, p is the iteration index, and

OR o . .
the term a—represents the derivatives of the residual with respect to the vector of
X

primary variables. These derivatives are arranged into the Jacobian matrix. An exact

solution to the system of equations is obtained, when each residual equals zero at the

iteration index p+1, i.e., R(xp+1 ) =0. Thus (D.9) becomes into:

These equations may be rewritten as a matrix form. For example, for an element / in
which three phases (hydrate, water and gas) coexist, the primary variables are P, T, S,,

and Sj. The matrix form is:

OR[™  GR[™® AR OR™ ]
op oT &S, 88,

OR;"®  R}" OR!P OGR! | | AP || -RP?
AT | |-R}?

o or @8, 3, | TR o
OR;® OR;® OR® OR}® |T|AS,| |-Ry?
oP oT oS, oS, AS, —~RSP

OREP QRSP QRSP QRSP
op  oT &S, oS,

117



where the first matrix is the Jacobian matrix, the second is the vector of unknown
changes in the primary variables in each element from the previous iteration, and the
third is the vector of residual of each component in each element.

Iteration process is continued until the residuals R """ are reduced below a

convergence tolerance. Convergence is usually reached in less than 5 iterations. If
convergence cannot be reached within a certain number of iteration, the time step size
At is reduced and a new iteration is initiated.
(3) Comparison with analytical solution

We use the developed model to solve a one-dimensional steady state fluid flow
problem with pressure-dependent fracture permeability and make comparison with the
analytical solution [Liu and Flemings, 2002].

We model the fractured sediments as stiff, impermeable matrix block
interconnected by evenly spaced, compliant matrix (Fig. D-1). Bulk permeability through

a network of two orthogonal sets of vertical fracture can be expressed as:

3

w
k=—oy, D.12
= (D.12)

where k is the bulk permeability, w is the fracture aperture and S is the fracture spacing.
We assume that water flow through the sediments via the fractures at a constant rate.
Variations in fracture aperture are only due to changes in effective stress. In the model,

fracture aperture is related to horizontal effective stress (64=Shmin-Pw) as

_Cch _C(Shmm _Pw)

W=We "=wye ,

where wy is the initial fracture aperture and C is the fracture compressibility. In this case,

an isotropic stress state is assumed, i.e., the minimum horizontal stress equals the
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overburden stress. We use S=0.3 mm, C=0.43 MPa™', and w¢=0.16 um [Liu and
Flemings, 2002].

We evaluate the effects of changing water flux on water pressure using numerical
simulations (Fig. D-2). The analytical solution predicts that at high flux, the water
pressure follows the lithostatic gradient at depths below the seafloor. Our numerical
simulations also show that water pressure parallels the overburden stress. As water flux
increases, water pressure will converge on the overburden stress. This comparison can

testify the accuracy of our numerical results.
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Aperture (w)

>

Qw Qw

Fig. D-1: Sketch of hydro-mechanical model. Water enters and leaves the model

domain at a constant flux rate. Matrix blocks (black area) are impermeable, and

all flow occurs through fractures (white area) with aperture (w) and spacing (S).
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Fig. D-2: Simulated pressures in the fractured sediment at different water flux rates.

The water pressure follows the lithostatic gradient at depths below the seafloor.
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Appendix E

A SIMPLIFIED ANALYSIS OF DEWATERING IN BLAKE RIDGE

We interpret that the Blake Ridge migrates to the southwest, deposition on its
southern flank and erosion on its northern flank. We assume that the Blake Ridge evolves
in a self-similar pattern. The ridge is stationary relative to the leading edge and has both
sediment solid and saturated pore space moving through it. Here we derive an expression
for dewatering in the Blake Ridge with a self-similar geometry.

We solve this problem in a “fully compacted” coordinate system where the length
scale is the distance from the surface to an individual sediment grain when no porosity is
present. The main advantages of this approach are: (1) a constant nodal distance that fixes
an otherwise moving and deforming mesh; (2) each element contains the same amount of
sediment grains. In this new domain, the sediment velocity has no vertical component.
Sediment particle is assumed to migrate horizontally through the wedge at a constant rate.

The fluid flow in a compacting porous media is described as:

—a[ps(;t_d))]JrV-[ps(l—(l))Vs]:0, (E.1)
—a(g‘t"d)) +V-(p,0v,)=0, (E.2)

For steady state, the above equations collapse into:
V-[p.0-¢)v.]=0, (E.3)

V-(p,0v,)=0, (E.A4)
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Where ps and py, are the densities of sediment grain and water, ¢ is the porosity, and vy
and vy, are the velocities of sediment grain and water. If the sediment grain and water are

assumed to be incompressible, (E.3) and (E.4) become into:

v-[a-¢v,]=0, E5)

V-(pv,)=0. (E.0)
Combining (E.5) and (E.6), we get:

Vv, +V-[o(v, —v,)]=0. (E.7)

Darcy’s velocity is defined as:

q, =0(v, —v,). (E.8)
Combining (E.7) and (E.8), we obtain:

V-v.+V-.q, =0. (E.9)

We rearrange (E.5) by expanding the productive derivative:

Vov.=—5 V.  (E10)

The porosity-effective stress relationship is described by:
0= ™ =g, (B
where @ is the reference porosity, B is the bulk compressibility, S, is the overburden

stress, and Py, is the water pressure.

Substituting (E.9) and (E.11) into (E.10) yields:

-V-q, =f—¢vs(vsv—va). (E.12)

Darcy’s law is defined as:
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k
q, = —;(VPW —Pu8), (E.13)

where k is the intrinsic permeability, p is the viscosity, and g is the acceleration due to

gravity. Substituting (E.13) into (E.12), we finally get:

V-{E(VPW —pwg)} =ﬂvs(vsv ~VP,). (E.14)
u 1-¢
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