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Abstract We present a one-dimensional model that couples the thermodynamics of hydrate solidification
with multiphase flow to illuminate how gas vents pierce the hydrate stability zone in the world’s oceans.
During the propagation phase, a free-gas/hydrate reaction front propagates toward the seafloor, elevating
salinity and temperature to three-phase (gas, liquid, and hydrate) equilibrium. After the reaction front
breaches the seafloor, the temperature gradient in the gas chimney dissipates to background values, and
salinity increases to maintain three-phase equilibrium. Ultimately, a steady state is reached in which hydrate
formation occurs just below the seabed at a rate necessary to replace salt loss. We show that at the Ursa vent
in the Gulf of Mexico, the observed salinity and temperature gradients can be simulated as a steady state
system with an upward flow of water equal to 9.5mmyr�1 and a gas flux no less than 1.3 kgm�2 yr�1.
Many of the world’s gas vents may record this steady state behavior, which is characterized by elevated
temperatures and high salinities near the seafloor.

1. Introduction

Gas hydrate is an ice-like compound that contains methane and other light hydrocarbon gases in a lattice
of water molecules [Sloan, 1998]. It is naturally found along continental margins in water depths>~400m,
where high pressures, low temperatures, and ample supplies of gas are present [Kvenvolden, 1993]. Gas
hydrates may host economic quantities of natural gas [Milkov and Sassen, 2002]. Their dissociation may have
contributed to past environmental change [Dickens, 2003; Kennett et al., 2000] and may be causing ongoing
methane release to the ocean and atmosphere in the Arctic [Berndt et al., 2014; Marín-Moreno et al., 2013;
Westbrook et al., 2009] and offshore the eastern United States [Phrampus and Hornbach, 2012].

Gas vents that pierce the hydrate stability zone (HSZ) are a ubiquitous feature of the world’s oceans, and they
have received intense focus in the last decade. A negative-polarity seismic reflection is often present at the
seafloor of vents [Evans et al., 2007; Kohl and Roberts, 1994; Reilly and Flemings, 2010; Seldon and Flemings,
2005]. This negative-polarity event represents a significant decrease in acoustic impedance at the water-
seafloor interface and most likely records the presence of free gas at or near the seafloor. High-temperature
gradients [Hornbach et al., 2005; Pape et al., 2011; Römer et al., 2012; Ruppel et al., 2005b] and elevated
salinities [Liu and Flemings, 2006; Milkov et al., 2004; Paull et al., 2005; Ruppel et al., 2005b; Sahling et al., 2009]
are also present just below the seafloor at vents. These vents are provocative because a traditional view of
the HSZ has been that methane should not be able to pass through the HSZ because temperature and salinity
are assumed too low to allow it.

We use the Ursa vent as a characteristic vent throughout this paper. It lies in ~1070 m water depth at lease
blocks MC852/853 in the northern Gulf of Mexico (GoM) (Figure 1a). There is a strong, negative-polarity
seismic reflection beneath the vent that we interpret records a negative impedance contrast, marking the
boundary between hydrate and water above and gas and water below: it is the bottom-simulating reflector
(BSR) (Figure 2) [Bangs et al., 1993; Shipley et al., 1979]. The BSR rises rapidly at the vent’s boundaries and
shoals all the way to the seafloor at some locations beneath the vent edifice (Figures 1a and 2). Salinity and
temperature gradients on the vent are elevated significantly compared to background values (Figures 1b and 1c),
causing the base of the HSZ to be up to 5.7 m below seafloor (mbsf) for pure methane and 28 mbsf for the
average gas composition measured at the vent [Ruppel et al., 2005b; Sassen et al., 2001]. Gas from hydrates
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recovered at the vent is on average 75.1% C1, 7.5% C2, 11.2% C3, 5.5% i-C4, and 0.5% nC4 [Ruppel et al., 2005b;
Sassen et al., 2001;Winters et al., 2007]. Gas bubbles are released upon slight physical disturbance of themound,
and fluid flow from the vent sustains a chemosynthetic biological community [MacDonald et al., 2003].

Although the coexistence of gas hydrates, free-gas expulsion, an uplifted BSR, and high salinities and
temperatures has been well documented at Ursa and other vents, conclusive evidence of the origin of
these phenomena has remained elusive. Until now, it has generally been assumed that high salinities and
temperatures near the seafloor are generated via the upward flow of warm, salty fluids from depth [e.g.,
Hanor and Mercer, 2010; Ruppel et al., 2005b;Wood et al., 2002]. In these studies, the vertical expulsion of hot,
salty fluids results in the shifting of the base of the HSZ to the seafloor. This approach is supported by seismic
data which show that vents are fed by reservoirs that flank salt diapirs [Reilly and Flemings, 2010; Seldon and
Flemings, 2005], implying that salty fluids may possibly be produced via dissolution of salt bodies at depth.
Furthermore, concave-down geochemical profiles provide evidence for upward advective flow [Paull et al., 2005;
Reitz et al., 2007; Ruppel et al., 2005b].

Models of advective aqueous flux, however, cannot fully explain both the high-temperature gradients and
relatively high salinities observed at vents [Hornbach et al., 2005; Smith et al., 2014]. The typical approach used
to estimate aqueous flux at vents is based on the salinity gradient, which predicts water flow of the order
of 1–100mmyr�1 [Egeberg, 2000; Reitz et al., 2007; Schmidt et al., 2005; Smith et al., 2014]. These fluxes are
not sufficient to explain the high-temperature gradients recorded [Hornbach et al., 2005; Smith et al., 2014],
and only with an interpretation of an extraordinarily large hydrocarbon flux (41–190 kgm�2 yr�1) can the
observed temperatures be reconciled [Smith et al., 2014].

An alternative mechanism for elevating salinity and temperature is hydrate solidification. When hydrate
crystallizes, salinity is generated via the exclusion of salt [Liu and Flemings, 2007], and temperature is elevated

Figure 2. (a) Seismic reflection profile through the MC852/853 vent (A-A′ in Figure 1). A vertical wipeout zone beneath the
vent is interpreted to record the presence of gas. The BSR rises rapidly at the vent edges and is horizontal within a few
meters of the seafloor beneath the vent edifice. (b) Cartoon of the deep plumbing feeding the vent. Salt/fault geometry and
depth are constrained from deeper seismic reflection profiles presented in another publication [Smith et al., 2014]. A normal
fault is clearly imaged just above the salt body but cannot be followed to the seafloor through the gas wipeout zone.
A stratigraphic summary of the Mars-Ursa minibasin can be found in Sawyer et al. [2007].

Figure 1. (a) Seafloor seismic amplitudes with shaded structural relief of the Ursa Basin. Contours are in mbsl (converted from two-way traveltime assuming an
acoustic velocity of 1.5 km s�1). The Ursa vent at lease blocks MC852/853 (black box) is located in ~1070 m water depth and is ~220 km South Southeast (SSE) of
New Orleans. High seafloor amplitudes (red/yellow) likely record the presence of gas hydrate or carbonate. Negative amplitudes (purple/blue) indicate areas where the
bottom-simulating reflector (BSR) rises all the way to the seafloor (Figure 2). Lower inset map shows the locations of temperature-gradient, piston-core, and box-core
measurements on the vent [Paull et al., 2005; Ruppel et al., 2005b]. (b) Observed subseabed salinities at Ursa [Paull et al., 2005; Ruppel et al., 2005b]. Chloride profiles
MD02-2563 andMD02-2565 are converted to salinity by assuming a Cl� (mM) to salinity (wt%) ratio of ~19, which is the average ratio observed by Ruppel et al. [2005a] at
the MC852/853 vent. (c) Temperature gradients measured in the first ~3 mbsf [Ruppel et al., 2005b]. TM 5–9 and TM 5–8 are the only two measurements taken on the
vent edifice, and they record high-temperature gradients of 435 mK m�1 and 301 mK m�1, respectively.
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from the release of latent heat [Cathles and Chen, 2004; Liu and Flemings, 2009]. When transported in the
gaseous phase, methane and other light natural gasses will have hydrate-formation rates that are high
enough to rapidly elevate salinity and form three-phase (gas, liquid, and hydrate) chimneys within the
regional hydrate stability zone (RHSZ) [Liu and Flemings, 2006, 2007]. Numerical simulations of this process
produce salinity profiles that increase from the base of the RHSZ to the seafloor [Liu and Flemings, 2006, 2007],
and geochemical profiles measured at Ursa and other vents exhibit such increases in salinity with decreasing
depth [Paull et al., 2005; Ruppel et al., 2005b] (Figure 1b).

Here we present a model to describe hydrate formation at the Ursa vent in the GoM. We extend the work of
Liu and Flemings [2006, 2007] by accounting for the latent heat released during hydrate formation. First,
we present a simple equilibrium model of hydrate formation to describe how high salinities and temperatures
can extend the three-phase zone from the base of the RHSZ to the seafloor. We then use a similar dynamic
multiphase-flow model of hydrate formation as Liu and Flemings [2007] to simulate temperature, salinity, gas
saturation, hydrate saturation, and pressure during the upward migration of gas through the RHSZ. We explore
how different gas and water fluxes affect the result.

Our results suggest that gas vents evolve through three distinct phases. First, hydrate solidification from the
upward flow of gas will elevate salinity and temperature to three-phase equilibrium within the RHSZ. With
time, a propagating free-gas/hydrate reaction front breaches the seafloor, a gas chimney forms, and gas
fluxes from the base of the RHSZ into the ocean. After breaching, the temperature gradient in the gas
chimney dissipates, and salinity increases to maintain three-phase equilibrium. When there is no water flow,
the system eventually reaches a steady state in which hydrate formation occurs just below the seafloor at a
rate necessary to replace diffuse salt loss. When there is water flow, during the steady state phase, hydrate
continually forms due to constant upward flow of water. Many vents around the world may be exhibiting
this final phase which is characterized by high salinities and elevated temperature gradients just below
the seafloor.

2. Simplified Approach to Predict Salinity and Temperature
During Hydrate Formation

We model pressure and temperature conditions characteristic of the Ursa vent. The vent is 1070 m below sea
level (mbsl). The seafloor temperature is ~5°C, and the background geothermal gradient is initially ~25mKm�1

[Paull et al., 2005; Ruppel et al., 2005b]. We assume that the sediment column is hydrostatically pressured,
that methane is the only natural gas present, and that pore water initially has seawater salinity (weight 3.5%).
Under these conditions, the base of the RHSZ is ~435 mbsf. In reality, elevated pore pressures likely exist just
below the seafloor of the vent [Flemings et al., 2008]. These overpressures, however, will not significantly
affect the depth of the RHSZ.

We initially develop an equilibrium model for hydrate formation, which ignores volume expansion, chemical
diffusion, thermal conduction, and transport of the liquid phase. In this model, the hydrate reservoir is a
closed system for salt, water, and energy, but not gas. This approximation of hydrate formation describes how
hydrate saturation, salinity, and temperature evolve in the sediment column when free gas is supplied from
below. The salinity and temperature necessary to shift the region of three-phase hydrate stability upward
from the base of the RHSZ are calculated using the liquid-hydrate (l+ h) and liquid-gas (l+ g) methane
solubility curves [Duan et al., 1992; Henry et al., 1999].

If latent heat of hydrate crystallization is ignored, the hydrate saturation (Sh) at a given depth below seafloor (z)
necessary to elevate salinity to three-phase equilibrium (Ceq) can be expressed as (Figure 3)

Sh zð Þ ¼ 1� Ci

Ceq zð Þ ; (1)

where Ci is seawater salinity (3.5 wt %) [Liu and Flemings, 2006] (Table 1). In order to generate three-phase
equilibrium through the RHSZ, salinity increases linearly from seawater salinity at the base of the RHSZ to
15 wt % at the seafloor (Figure 3b). To elevate these salinities, hydrate saturations increase upward from the
base of the RHSZ to 0.77 at the seafloor (Figure 3a). Since latent heat is ignored, the temperature gradient
follows the background geothermal gradient (Figure 3c).
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The temperature change (ΔT) resulting from release of latent heat associated with a change in hydrate
saturation (ΔSh) can be expressed as

ΔT ¼ LϕoρhΔSh
ρbcb

; (2)

where L is the latent heat of hydrate crystallization (421 kJ kg�1) [Cathles and Chen, 2004],ϕo is the porosity in
the absence of hydrate (0.5) [Flemings et al., 2006], and ρh is the hydrate density (912 kgm

�3). Bulk density (ρb)
and heat capacity (cb) are expressed as follows:

ρb ¼ 1� ϕoð Þρs þ ϕoρhSh þ ϕoρw 1� Shð Þ; (3)

cb ¼ 1� ϕoð Þcs þ ϕochSh þ ϕocw 1� Shð Þ; (4)

where ρs and ρw are densities of sediment (2650 kgm�3) and seawater (1035 kgm�3) and ch, cs, and cw are
heat capacities of hydrate (2100 J K�1 kg�1), sediment (1381 J K�1 kg�1), and seawater (4200 J K�1 kg�1).
Substituting equations (3) and (4) into equation (2) and assuming temperature initially increases linearly from
seafloor temperature (To) with depth (z) according to the geothermal gradient (dT dz�1), the hydrate
saturation (Sh) at a given depth (z) necessary to elevate temperature to three-phase equilibrium (Teq) can be
expressed as

Sh zð Þ ¼ Teq zð Þ�To� z
dT
dz

� �
1� ϕoð Þρs þ ϕoShρhð Þ þ ϕoρwð Þ 1� Shð Þð Þ 1�ϕoð Þcs þ ϕoShchð Þ þ ϕocwð Þ 1� Shð Þð Þ

Lϕoρh
:

(5)

Equations (1) and (5) are used together to calculate the hydrate saturation at a given depth necessary to
elevate both salinity and temperature to three-phase equilibrium (Figure 3). In this closed system, hydrate
saturations increase linearly from the base of the HSZ to 0.18 at the seafloor (Figure 3a). Salinity also increases
linearly upward through the RHSZ to 4.3 wt % at the seafloor (Figure 3b). Temperature decreases with
shallower depths, but at a smaller gradient than the background geothermal gradient (Figure 3c). This simple
equilibrium model is an end-member model of perfect insulation.

For a given change in hydrate saturation, the effect of temperature on hydrate stability ismuchmore substantial
than that of salinity. For example, a change in hydrate saturation of 0.1 elevates salinity to ~3.9 wt % and

Figure 3. Simplified equilibrium model that simulates hydrate formation in a closed system. Two cases are considered: one in which latent heat is ignored (dashed line)
[Liu and Flemings, 2006] and one inwhich latent heat is accounted for (solid line). (a) Hydrate saturations in the sediment column. (b) Salinity is elevated via the exclusion of
salt during hydrate formation. (c) Heat is also released due to the latent heat of hydrate crystallization. This causes modeled temperatures to be higher than the back-
ground geothermal gradient. If latent heat is ignored, simulated temperatures follow the geothermal gradient. (d) Hydrate stability pressure-temperature phase diagram
for waters of 3.5 wt %, 4.3 wt %, and 15 wt % salinity. If latent heat is ignored, salinity needs to be elevated to 15 wt % in order to displace the three-phase (l+g+h)
boundary to the seafloor (~10.8MPa). If latent heat is considered, salinity needs to be elevated to only 4.3 wt % to generate three-phase equilibrium to the seafloor.
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increases temperature by ~4°C. By
itself, this salinity change shifts the
base of the HSZ from 435 mbsf to
420 mbsf. Conversely, a temperature
change of 4°C, without any change in
salinity, shifts the base of the HSZ from
435 mbsf to 215 mbsf. The heat added
by hydrate formation is therefore a
significant fraction of normal heat flow
and may cause significant deviation
from the linear thermal gradient in a
marine gas-hydrate system.

3. Dynamic Model of
Hydrate Formation
3.1. Model Description

We now use a one-dimensional,
multicomponent, multiphase, fluid- and
heat-flow model developed by Liu and
Flemings [2007] to address this problem.
We simulate temperature, salinity,
hydrate saturation, gas saturation,
methane concentration, and pressure
during hydrate formation and free-gas
migration for a hydrate system fed from
belowby gas. At Ursa, thermogenic gas
is sourced from below via secondary
hydrocarbon migration along faults
above a salt body (Figure 2b) [Smith
et al., 2014]. Although we use Ursa as a
specific example, this model can be
applied to any hydrate system where
gas and water are transported to the
HSZ from below.
3.1.1. Assumptions
Wemake the same assumptions as Liu
and Flemings [2007]: (1) The foremost
assumption is that there is local
thermodynamic equilibrium; in marine
sediments, this is justified because
hydrate forms rapidly (hours to days)
as shown by experiments [Linga et al.,
2012; Zatsepina and Buffett, 2003] and
field studies [Rehder et al., 2002].
(2) Darcy’s law describes multiphase
fluid flow in a uniform porousmedium.
(3) There is no sedimentation or erosion.
(4) Gas and water are supplied from
beneath the RHSZ. (5) Methane is the
only hydrate-forming gas. (6) Diffusion
is only considered in the liquid phase,
because diffusion of CH4 within
hydrate and free gas is negligible

Table 1. Nomenclature

Symbol Name Dimensiona

a Salinity gradient L�1

b Background water salinity dimensionless
C Salinity dimensionless
Ceq Equilibrium salinity at depth z dimensionless
ch,s,w,b Heat capacity (hydrate,

sediment, water, and bulk)
L2 t�2 T�1

Ci Initial (seawater) salinity dimensionless
CLN Composition (salt) in liquid dimensionless
CN Average composition of salt dimensionless
cβ Heat capacity of phase β L2 t�2 T�1

Dl0
K Molecular diffusion coefficient

of component K in free water
L2 t�1

dT dz�1 Thermal gradient T L�1

e Energy component na
Fb

m Basal mass flux of methane M L�2 t�1

g Acceleration due to gravity L t�2

h Hydrate phase na
hβ Specific enthalpy of phase β L2 t�2

k Permeability L2

K Component K (methane (m),
salt (s), and water (w))

na

krβ Relative permeability of phase β Dimensionless
l Liquid phase na
l+ h Liquid hydrate na
l+ g Liquid-gas na
L Latent heat of hydrate crystallization L2 t�2

m Methane component na
qe Generation rate of energy ML2 t�3

Qe Background heat flow M t�3

qg Gas flux M L�2 t�1

qK Source term of component K ML�3 t�1

qw Water flux M L�2 t�1

qw Darcy water flux L�1 t�1

s Salt component na
Sv Lithostatic stress M t�2 L�1

Sβ Saturation of phase β dimensionless
T Temperature T
t Time t
Tb Basal temperature T
Teq Equilibrium temperature at depth z T
To Initial (seafloor) temperature T
u Pressure M t�2 L�1

uh Hydrostatic pressure M t�2 L�1

uβ Pressure of phase β M t�2 L�1

v Vapor phase na
Vo Liquid velocity L t�1

w Water component na
x Horizontal distance L
Xh Mass of hydrate M
Xβ

K Mass fraction of component
K in phase β

dimensionless

z Depth L
ZHSZ Thickness of the HSZ L
Δz Grid spacing L
β Phase (liquid, vapor, and hydrate) na
ϕ Porosity (dependent on hydrate saturation) dimensionless
ϕo Porosity in the absence of hydrate dimensionless
λ Bulk thermal conductivity M L t�3 T�1

λs Thermal conductivity of grain ML t�3 T�1

λβ Thermal conductivity of phase β ML t�3 T�1

μβ Viscosity of phase β ML�1 t�1
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[Liu and Flemings, 2007]. (7) Methane
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]. (8) Salt
is confined to the liquid phase.
(9) Hydrate is a solid phase and only
two-phase (gas +water) capillary
pressure is considered.

3.1.2. Governing Equations and Numerical Solution
We treat the hydrate reservoir as a continuum of sediment grains, fluids, and solid hydrate [Liu and Flemings,
2007]. We conserve mass for water, methane, and salt, and we conserve energy [Liu and Flemings, 2007].
The mass balance of methane (superscript m) is described as

ϕ

∂
X

β¼l;v;h

ρβSβX
m
β

 !

∂t
�
X
β¼l;v

div
kkrβ
μβ

ρβ X
m
β ∇uβ � ρβg
� �)

� div
ϕ
θ2

Dm
l0

(
ρl∇X

m
l � qm ¼ 0; (6)

where ρβ is the density of phase β (liquid (l), vapor (v), and hydrate (h)), Sβ is the saturation of phase β, βmβ is
the mass fraction of methane in phase β, t is time, k is permeability, krβis the relative permeability of phase β,
uβ is the pressure of phase β, g is the acceleration due to gravity, ϕ is porosity, θ2 is tortuosity defined as ϕ–1

[Torres et al., 2004], Dm
l0 is the molecular diffusion coefficient of methane in free water, and qm is the source

term of methane. The mass-balance equation for water (superscript w) is

ϕ

∂
X
β¼l;h

ρβSβX
w
β

 !

∂t
�
X
β¼l;v

div
kkrβ
μβ

ρβX
w
β ∇uβ � ρβg
� �)

� div
ϕ
θ2

Dw
l0

(
ρl∇X

w
l � qw ¼ 0: (7)

The mass balance for salt (superscript s) is

ϕ

∂
X
β¼l

ρβSβX
s
β

 !

∂t
�
X
β¼l;v

div
kkrβ
μβ

ρβ X
s
β ∇uβ � ρβg
� �)

� div
ϕ
θ2

Ds
l0

(
ρl∇X

s
l � qs ¼ 0: (8)

The energy-balance equation (superscript e) is

∂T
∂t

1� ϕð Þρscs þ
X

β¼l;v;h

ϕρβSβcβ

 !
�
X
β¼l;v

ρβcβ
kkrβ
μβ

∇uβ � ρβg
� �

∇T � ϕρhL
∂Sh
∂t

� div λ∇Tf g � qe ¼ 0; (9)

where λ is bulk thermal conductivity:

λ ¼ 1� ϕð Þλs þ ϕ Shλh þ Slλl þ Svλvð Þ: (10)

This approach is identical to that described by Liu and Flemings [2007], except that we account for the latent
heat of hydrate formation/disassociation (L) (third term of equation (9)) as is done in Liu and Flemings [2009],
and we specifically consider the effect of a water flux from below.

The mass-balance equations are discretized in space and time using the block-centered finite-difference
method [Liu and Flemings, 2007]. Each parameter is calculated at block centers. Different physical parameters
require different interface weighting algorithms. For example, upstream weighting is used to calculate the
phase mobility, and harmonic weighting is used to calculate the intrinsic permeability [Liu and Flemings, 2007].
The accumulation terms are discretized in time using a first-order finite-difference approximation. We evaluate
flux and sink/source terms at each new time level to avoid numerical instability [Liu and Flemings, 2007].
3.1.3. Physical Processes
We calculate equilibrium conditions for the hydrate system using the liquid-gas (l+ g) methane solubility
curve [Duan et al., 1992] and the liquid-hydrate (l+ h) methane solubility curve [Henry et al., 1999]. We assume
hydrate formation is pore filling, which results in more rapid permeability reduction than in a pore-coating

Table 1. (continued)

Symbol Name Dimensiona

θ Tortuosity dimensionless
ρh,s,w,b Density (hydrate, sediment,

water, and bulk)
M L�3

ρβ Density of phase β ML�3

ρ Average density of pore volume ML�3

aT = temperature; M=mass; t = time; L = length; na = not applicable.
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model [Liu and Flemings, 2007]. This pore-fillingmodel is in agreementwith the recovery of hydrate disseminated
within fine-grained sediments at Ursa [Winters et al., 2007]. We use the J-function to model capillary pressure,
and we calculate relative permeabilities with Corey’s model [Bear, 1972; Liu and Flemings, 2007]. Fluid density
and viscosity are a function of salinity, temperature, and pressure [Class et al., 2002; Duan et al., 1992; Liu and
Flemings, 2007]. Permeability, porosity, relative permeability, and capillary pressure are a function of hydrate
saturation as discussed in Liu and Flemings [2007] (Table 2).

3.2. Model Simulation

We model the pressure and temperature conditions of those at the Ursa vent (Table 2 and Figure 4). We
assume constant temperature at the seafloor (5°C) and at the base of the model (16°C at 440 mbsf). The basal
temperature boundary condition is calculated from the measured seafloor temperature and the background
geothermal gradient of 25 mK m�1 [Ruppel et al., 2005b]. We assume sediment permeability in the absence
of hydrate is 10�12m2. This permeability is typical of sand in the shallow crust [Fetter, 1994]. Initial porosity
and salinity are assumed to be constant throughout the model column at 0.5 and 3.5 wt %, respectively
[Flemings et al., 2006]. This porosity is an approximate average for sediments adjacent to the vent in the Ursa
basin at depths >20 mbsf [Flemings et al., 2006].

We use a grid spacing of 20m for the finite-difference scheme. The basal gas flux is 1 kgm�2 yr�1. Field
data suggest that a typical GoM vent releases gas at a rate of ~ 2.2 × 105 kg yr�1 [Macdonald et al., 2005],
although the exact area over which this seepage occurs is not well constrained. At Ursa, the vent edifice is
approximately 1 km in diameter, and the negative-polarity event at the seafloor is approximately 200m
wide (Figure 1). If the gas release is assumed constant over the area of a circular vent with a diameter of

Table 2. Physical Parameters Used for Dynamic Multiphase-Flow Model

Symbol Parameter Value (Unit) Reference

cg Heat capacity of methane gas 3500 (J K�1 kg�1) Liu and Flemings [2007]
ch Heat capacity of hydrate 2100 (J K�1 kg�1) Liu and Flemings [2007]
Ci Seawater salinity 3.5 (wt %)
cs Heat capacity of grains 1381 (J K�1 kg�1) Liu and Flemings [2007]
cw Heat capacity of water 4200 (J K�1 kg�1) Liu and Flemings [2007]
Dl0

m Diffusion coefficient of methane 10�9 (m2 s�1) Davie and Buffett [2001]
Dl0

s Diffusion coefficient of salt 10�9 (m2 s�1) Davie and Buffett [2001]
dT dz�1 The background heat flux resulting in this

geothermal gradient for a given thermal conductivity
25 (mK m�1) Ruppel et al. [2005b] and

Winters et al. [2007]
Fb

m Basal gas flux 1 (kgm2 yr�1) This study, Macdonald et al. [2005],
and Torres et al. [2004]

g Gravitational acceleration 9.81 (m s�2)
k Permeability in absence of hydrate 10�12 (m2) This study and Ingebritsen et al. [2006]
L Latent heat of hydrate crystallization 421 (kJ kg�1) Cathles and Chen [2004]
ng Corey exponent (gas) 2 Bear [1972] and Liu and Flemings [2007]
nw Corey exponent (water) 4 Bear [1972] and Liu and Flemings [2007]
qg Gas flux 1, 3, 5 (kgm�2 yr�1) Macdonald et al. [2005] and Torres et al. [2004]
Srg Irreducible gas saturation 0.02 Liu and Flemings [2007] and Yousif et al. [1991]
Srw Irreducible water saturation 0.1 Liu and Flemings [2007] and Yousif et al. [1991]
TL Temperature at base of model 16 (°C) From TU and dT dz�1

TU Temperature at seafloor 5 (°C) Ruppel et al. [2005b] and Winters et al. [2007]
zo Depth below sea level 1070 (m) This study; Figures 1 and 2
λg Thermal conductivity of methane 0.03 (Wm�1 K�1) Sloan [1998]
λh Thermal conductivity of hydrate 0.5 (Wm�1 K�1) Sloan [1998]
λs Thermal conductivity of grains 1.6 (Wm�1 K�1) Class et al. [2002]
λw Thermal conductivity of water 0.6 (Wm�1 K�1) Sloan [1998]
μg Dynamic viscosity of gas P and T dependent Class et al. [2002]
μw Dynamic viscosity of water P and T dependent Class et al. [2002]
ρg Density of methane P and T dependent Duan et al. [1992]
ρh Density of hydrate 912 (kgm�3) Sloan [1998]
ρs Density of grains 2650 (kgm�3)
ρw Density of water T and salinity dependent Duan et al. [1992]
ϕ Porosity in absence of hydrate 0.5 Estimated from Flemings et al. [2006]
θ2 Tortuosity 2 Calculated from porosity (ϕ) Torres et al. [2004]
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200–1000m, then the range of gas fluxes
from GoM vents is 0.28–7.1 kgm�2 yr�1.
We select 1 kgm�2 yr�1 since this is in
agreement with gas flux estimates
observed at other venting locations
[Tréhu et al., 2004] and since this value
has been used in previous modeling
studies [Liu and Flemings, 2006, 2007].
3.2.1. Propagation of the
Reaction Front
As dissolved methane gas fluxes into the
base of the model column at the rate it
is supplied, the dissolved methane
concentration exceeds its l+ g solubility,
and free-gas bubbles form (Figure 5d).
This free-gas migrates into the RHSZ and
combines with water to form hydrate.
A three-phase zone develops within the
RHSZ, inwhich free gas, dissolvedmethane,
and hydrate coexist (Figures 5c–5e).
Beneath this three-phase zone, methane
pore water concentration is maintained
at its maximum l+ g solubility, and above
this zone, methane concentration is
below its maximum l+ h solubility
(Figure 5e) [Liu and Flemings, 2006].

As hydrate forms, salt is excluded and heat
is released, resulting in the generation of
warm, saline pore water. At a given depth,
hydrate formation continues until pore
water is too warm and too salty for further
hydrate formation. This process self
generates a three-phase (l + g+ h)
reaction front that propagates toward
the seafloor with time (Figure 5). The
initial pressure and temperature near

the seafloor result in conditions that are furthest into the l + h stability zone and furthest from three-
phase stability (Figure 3d). Therefore, pore water at shallower depths needs to be successively saltier
and warmer, and hydrate saturations higher in order to create three-phase stability (Figures 5a–5c).
This results in an upward increase in salinity and hydrate saturation (Figures 5b and 5c). Temperatures
decrease toward the seafloor but are elevated higher than the background geothermal gradient at
increasingly shallow depths (Figure 5a). Since more hydrate needs to form closer to the seafloor to
elevate salinity and temperature to three-phase equilibrium, the propagation rate of the reaction front
decreases with time (Figure 5).

The seafloor heating from the advancing reaction front first occurs at ~1000 years (kyr). Temperature is
assumed constant (5°C) at the seafloor; and as a result, a large temperature gradient develops below the
seafloor (Figure 5a). The temperature gradient between the seafloor and the first grid block below the
seafloor (20 mbsf) increases with time to a maximum of 114 mK m�1 at 8 kyr (Figure 5a). This temperature
gradient is produced just before breaching of the reaction front at the seafloor (~10 kyr) and occurs when
hydrate saturations near the seafloor are increasingmost rapidly (Figure 5c). After breaching, hydrate-formation
rates slow, and temperatures within the RHSZ cool due to upward heat transport along the temperature
gradient below the seafloor.

Figure 4. Initial and boundary conditions for the dynamic model. The
intersection of the three-phase hydrate equilibrium curve (thin dashed
line) with the geothermal gradient (solid black line) defines the base of
the RHSZ (horizontal dashed line). Initially, the model is hydrostatically
pressured (u= uh), water has seawater salinity (C=Ci=3.5 wt %), and
there is no methane present (Xl

m= Sv= Sh = 0). There are constant-
temperature boundary conditions at the seafloor (To=5°C) and the base
of the model (Tb=16°C), determined by the background geothermal
gradient of 25 mK m�1 [Ruppel et al., 2005b]. Pressure, salinity, methane
concentration, and gas and hydrate saturation are set as constant at the
seafloor (u= uh, C=Ci, Xl

m= Sv= Sh=0). A basal methane flux (Fb
m) of

1 kgm�2 yr�1 is supplied from below.
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Initially, temperature, salinity, and hydrate formation follow those predicted by the insulated equilibrium model
(Figures 5a–5c). But as the reaction front advances toward the seafloor, the elevated temperature gradient below
the seafloor prompts enhanced vertical heat flow from the reaction front to the seafloor (Figure 5a). The reaction
front also generates two salinity gradients. One gradient exists between the reaction front and the seafloor, and
the other gradient exists between the reaction front and the base of the RHSZ (Figure 5b). These salinity gradients
cause salt to diffuse upward and downward from the reaction front. To replace this heat and salt loss, hydrate
formation continues within the RHSZ even after the reaction front has propagated further (Figure 5c). However,
due to the efficiency of thermal conduction as a heat-transport process (~10�6m2 s�1) compared to chemical
diffusion as a salt-transport process (~10�9m2 s�1) [Rempel and Buffett, 1997], heat is drawn away from the
reaction front more rapidly than salt. This causes sediments below the reaction front to become cooler and
saltier over time (Figures 5a and 5b). As a result, after ~4 kyr, simulated salinity and temperature begin to
deviate significantly from the closed-systemmodel (Figures 5a–5c andMovie S1 in the supporting information).

During propagation, there is substantial, but variable, water discharge at the seafloor (1.8–3.2 kgm�2 yr�1)
(Figure 6a). These fluxes are driven by volume expansion during hydrate formation (~10%) at and below the
reaction front. After breaching (~10 kyr), these fluxes decrease to less than 1.2 kgm�2 yr�1 because the
rate of hydrate formation within the RHSZ also diminishes. Below the reaction front, gas flux is maintained
approximately at values at which it is supplied from below; and above the front, gas fluxes are zero (Figure 6b).
Gas is first expelled at the seafloor once breaching occurs (Figure 6b).
3.2.2. Postbreaching Behavior and Dissipation
After the three-phase reaction front breaches the seafloor (~10 kyr), free gas flows from the base of the RHSZ into
the ocean (Figure 8b). Initially, the mass flux of methane released at the seafloor is 2 to 3 times smaller than the
flux supplied at the base of themodel (Figure 8). This is because hydrate continues to accumulatewithin the RHSZ,
particularly between 1200 and 1350 mbsl, as heat and salt are lost from the system (Figure 7). Because the
conduction of heat out of the system outpaces the diffusion of salt, temperatures within the RHSZ cool over time;
as a consequence, salinities increase as additional hydrate forms until three-phase equilibrium is achieved
(Figures 7a and 7b). This continued hydrate formation causes volume expansion that drives water fluxes toward
the seafloor (Figure 8a).

Figure 5. Propagation of reaction front toward the seafloor and temporal evolution of (a) temperature, (b) salinity, (c) hydrate saturation, (d) free-gas saturation,
(e) methane concentration, and (f) water pressure at 1 (blue), 2 (red), 4 (orange), 6 (green), 8 (purple), and 10 (black) thousand years (kyr). Figure 5f shows the hydro-
static stress gradient (uh z

�1, dark blue line) and lithostatic-stress gradient (Sv z
�1, red line). At ~10 kyr, the reaction front breaches the seafloor. Thereafter, free gas vents

from the base of the RHSZ to the seafloor. Dotted black line shows simulated temperature, salinity, and hydrate saturation for the closed-system model (Figure 3).
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Just after breaching (10 kyr), the highest salinity value is at the first grid block below the seafloor, and yet the
highest hydrate saturation is at the second grid block below the seafloor (Figures 7b and 7c). However, with
time, hydrate saturations within the first grid block increase to values greater than saturations anywhere else
within the model domain (Figure 7c). Because a constant seawater salinity is assumed at the seafloor, a sharp
salinity gradient develops between the seafloor and the first grid block below the seafloor (Figure 7b). Salt is

Figure 6. (a) Water and (b) gas fluxes as functions of depth and time. Fluxes are correlative with simulations in Figure 5.
Fluxes are calculated every 20m (block spacing) at block interfaces instead of at block centers. For this reason, flux is not
calculated at the seafloor (1070 mbsl) but 10 mbsf (1080 mbsl). Gas fluxes are cumulative advective and diffusive
methane fluxes.

Figure 7. (a–f ) Postbreaching behavior of vent at 10 (black), 12 (blue), 14 (red), 16 (orange), 18 (green), and 20 (purple) kyr. After breaching (when gas enters the
ocean at ~10 kyr), hydrate continues to form throughout the model domain due to the vertical diffusion and conduction of salt and heat, respectively. Heat flow
via conduction outpaces chemical transport via diffusion. Therefore, temperatures diminish over time, and salinity increases. At 20 kyr, water pressures 40 mbsf
exceed the lithostatic stress. Thereafter, water pressures may dilate fractures and push fluids through the HSZ to the seafloor.
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transported toward the seafloor along this gradient by chemical diffusion. This loss of salt drives continued rapid
hydrate formation: with abundant gas supply, hydrate continually forms in proportion to the amount of salt lost.
3.2.3. Postbreaching Steady State Behavior
After breaching, the simulated salinity and temperature near the seafloor asymptotically approach a fixed value
of approximately 0.55wt%m�1 and 28.5mKm�1 (Figure 9). This is most clearly illustratedwith the 1 kgm�2 yr�1

simulation, which ran for the longest time (Figure 9). The salinity gradient evolves to equal that necessary to
ensure three-phase equilibrium at the first grid block beneath the seafloor. In turn, the thermal gradient evolves
to transport any heat generated by ongoing hydrate formation. In Appendix A, we assume conservation of
mass of the salt and calculate the amount of hydrate formed due to salt diffusion to the seafloor and due to an
influx of water. The mass of hydrate added per unit time over the entire zone where hydrate is formed is

∫
ZHSZ

0

dSh
dt

dz ¼ Xh

dt
¼ ρhϕD

s
l0a

θ2Ceq
þ ρh

qw
ϕ

ln
Ceq

Ci

� �
: (11)

ZHSZ is the thickness of the regional hydrate stability zone (435m), Ci is the seawater salinity (3.5%), Ceq is the
equilibrium (triple-point) salinity at the seafloor, ϕ is the porosity (0.5), θ2 is the tortuosity (2), Dl0

s is the
diffusion coefficient of salt (10�9m2 s�1), ρh is the density of hydrate, Xh is themass of hydrate, qw is the Darcy
velocity, and a is the salinity gradient within the diffusive boundary layer caused by seafloor salinity at the
seafloor and triple-point conditions immediately beneath the seafloor. In the numerical model, the depth to
the triple-point condition is the distance to the first grid block beneath the seafloor. The first term in equation (11)
describes the amount of hydrate formed due to diffusion of salt from the triple-point conditions beneath the
seafloor upward to the seafloor. The second term describes the amount of hydrate formed due to flow of water
into the hydrate stability zone (HSZ). In this case, water of seawater salinity supplied from below freshens
the more saline pore waters within the RHSZ. In both cases, salinity is decreased in the system and in response,
gas that is present forms additional hydrate until a new three-phase equilibrium is achieved.

The steady state temperature gradient (dT dz�1) necessary to remove the heat by conduction that is created
by the hydrate formation is

dT
dz

¼
Qe þ ρhϕD

s
l0aL

θ2Ceq
þ ρh

qw
ϕ ln Ceq

Ci

h i
L

λ
: (12)

Qe is the heat flux provided at the base of the model (25m Wm�2), L is the latent heat of hydrate formation
(421 kJ kg�1), and λ is thermal conductivity (1Wm�1 K�1).

We use equations (11) and (12) to calculate the steady state salinity and temperature gradients that our
numerical model should converge to assuming only gas flow and a 20m grid spacing. We start with the

Figure 8. (a) Water and (b) gas fluxes after breaching. Fluxes are correlative with simulations in Figure 7. Water fluxes are
present due to volume expansion from hydrate solidification. Gas fluxes decrease toward the seafloor because gas crys-
tallizes as hydrate. At 20 kyr, hydrate forms at the base of themodel due to the generation of elevated pore pressures which
make hydrate stable at depths below the RHSZ.
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background heat flux (Qe) and then solve for the equilibrium salinity at 20 mbsf and then use this equilibrium
salinity to determine the hydrate-saturation change from equation (11). Then, we update the temperature
gradient (dT dz�1) according to equation (12) and iterate until all dependent variables (Ceq, dT dz

�1)
converge with a relative error less than 10�4.

For the example with no water flow and a 20 m grid spacing, we find that the steady state temperature
gradient is 28.5 mK m�1 and the equilibrium salinity at 20m depth is 14.6 wt %. This results in a steady state
salinity gradient of 0.55 wt % m�1. The background temperature gradient is 25 mK m�1; thus, hydrate
formation contributes 3.5 mK m�1 to the heat flow or an additional 14% relative to the background thermal
gradient (Figures 9 and 10). These values are delineated with horizontal dashed lines on Figure 9. The
simulation results for a 1 kgm�2 yr�1 gas flux reach these values. Simulations for higher gas fluxes (3 and
5 kgm�2 yr�1) approach these values but were stopped before steady state was reached.

Figure 9 illustrates an important aspect of the numerical model: the grid spacing controls the magnitude
of salt diffusion at the upper boundary. As grid spacing is decreased, the seafloor salinity and
temperature gradients increase sharply (Figure 10a). This is because the salinity at the grid block beneath
the seafloor always equals the salinity necessary for three-phase equilibrium and because the seafloor
salinity is fixed. The increase in salinity gradient with decreased grid spacing results in increased salt
transport by diffusion, which induces hydrate formation and hence a higher temperature gradient caused
by the heat of formation of the hydrate. Although the gradients increase, the ratio of the gradients is
independent of grid size (Figure 10b). For example, with no water flux, the ratio of the deviation in the
temperature gradient (3.5 mK m�1) to the salinity gradient (0.55 wt % m�1) is approximately 6 (3.5/0.55)
(Figure 10b). With water flow, the ratio increases with increasing grid size (Figure 10b). This is because
the salinity gradient decreases as the grid spacing increases; however, the deviation in the temperature
gradient remains high from hydrate formation produced via the upward flow of relatively fresh water
into the RHSZ.
3.2.4. The Effect of Increasing Gas Flux
We explore how higher gas fluxes (3 and 5 kgm�2 yr�1) affect the simulated salinity and temperature during
the formation of a gas chimney. The simulations are identical except for the higher basal gas flux. As in
the previous simulation, distinct phases of propagation, dissipation, and hydrate sealing occur (Figure 9).
However, the higher gas flux creates significantly higher hydrate-formation rates during propagation and
dissipation. These higher hydrate-formation rates result in a faster propagation of the reaction front toward

Figure 9. Temporal evolution of simulated salinity gradients and temperature gradients between the seafloor and the first
grid block below seafloor for the 1, 3, and 5 kgm�2 yr�1 gas fluxes. (a) Salinity gradients increase over time for each
simulation. The greater the gas flux, the faster the propagation rate of the reaction front. Stars indicate when breaching
occurs. Water pressures exceed the lithostatic stress after 20, 3.5, and 2.8 kyr for the 1, 3, and 5 kgm�2 yr�1 gas fluxes,
respectively. We continue to run the simulation with these elevated water pressures to elucidate steady state behavior.
For each gas flux, the subseafloor salinity gradient approaches a steady state profile (horizontal dashed line, 0.55wt %m�1).
(b) Temperature gradients increase to maximum values just before breaching occurs. Thereafter, they relax to steady state
values. Temperature gradients ultimately approach steady state values (horizontal dashed line, 28.5 mK m�1).
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the seafloor. For the 3 and 5 kgm�2 yr�1 gases, breaching occurs after 2 and 0.8 kyr, respectively, compared
to 10 kyr for the 1 kgm�2 yr�1 case (Figure 9).

During propagation, the higher basal gas fluxes generate temperature gradients between the seafloor
and the first grid block below the seafloor that are significantly elevated compared to the 1 kgm�2 yr�1

gas flux. Simulated temperature gradients reach a maximum of 309 and 352 mK m�1 for the 3 and
5 kgm�2 yr�1 gas fluxes just before breaching (Figure 9a). After breaching, hydrate-formation rates
diminish, and the conduction of heat away from the chimney outpaces the diffusion of salt. This causes
temperature gradients to gradually relax to steady state values (28.5 mK m�1) and salinity gradients to
increase so that equilibrium salinity for the steady state temperature gradient (14.6 wt %) is present at the
first grid block below the seafloor (Figure 9). Eventually, steady state behavior is reached as described in
equations (11) and (12).

For the 1 kgm�2 yr�1 gas flux, the simulated salinity and temperature gradients clearly approach these
steady state values (Figure 9). For the higher gas fluxes, hydrate sealing and overpressure generation occur
before this steady state can be reached. However, we suggest that at long timescales, the temperature
gradient will approach the steady state value, and the salinity gradient will increase so that equilibrium
salinity, given the steady temperature gradient, is present at the first grid block below the seafloor.
3.2.5. Hydrate Sealing and Overpressure Generation
Eventually, all pore space at the first grid block below the seafloor will fill with hydrate, which will block flow.
As hydrate fills the pore space at the first grid block below the seafloor, the pore-throat diameter decreases,
causing permeability reduction [Kleinberg et al., 2003; Liu and Flemings, 2007]. Volume expansion from
hydrate formation tries to push water through the reduced pore-throat size; the water cannot escape fast
enough; and as a result, water pressure rises (Figure 7f). Eventually, water pressures are generated that
exceed the lithostatic stress at the second grid block below the seafloor (Figure 7f). These elevated pressures
cause hydrate solidification at depths below the RHSZ (Figure 7c). Hereafter, elevated pore pressures may
dilate fractures and push fluid (gas and water) through the HSZ. We do not simulate this behavior with this
model. The timescale over which this occurs is dependent on the size of the upper grid block and on fluid
fluxes. For the 20m grid size that we assume, this stage is reached after ~20, 3.5, and 2.8 kyr for the 1, 3, and
5 kgm�2 yr�1 gas fluxes, respectively.

Figure 10. (a) Late-stage steady state salinity gradient (Ceq� Ci)/Δz versus grid spacing (blue line) andmodeled temperature gradient versus grid spacing for water fluxes
of 0, 1, 5, and 10mmyr�1 (red line; equations (11) and (12)). The greater the water flux, the higher the simulated temperature gradient for a given grid spacing. (b) The
ratio of deviation from the background temperature gradient (dT dz�1 � 25 mK m�1) to the salinity gradient for a range of grid sizes. For a given grid spacing, the
deviation from the background temperature gradient is larger than the salinity gradient by a factor of ~6 if no water flux is present. If a water flux is present, then the ratio
of the deviation from the background temperature gradient to the salinity gradient increases with increasing grid size. This is because the salinity gradient decreases
as the grid spacing increases. However, because water flow is present, high-temperature gradients are still produced from hydrate formation via the upward flow of
relatively fresh waters into the RHSZ.
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4. Application to the Ursa Vent,
Northern Gulf of Mexico

The piston core taken closest to the center
of the vent (PC-25) (Figure 1) records a
seafloor salinity gradient of 11.9 wt%m�1

if seawater salinity (3.5 wt %) is assumed
at the seafloor. The temperature gradient
at the vent is 435 mK m�1 at TM 5–9 and
301 mK m�1 at TM 5–8. Assuming the
salinity gradient is 11.9 wt % m�1 and
the temperature gradient is 435 mKm�1,
three-phase stability lies at ~1mbsf for
a pure methane system (using the
thermodynamic model of Duan et al.
[1992] and Henry et al. [1999]). Our result is
slightly different than Ruppel et al.’s [2005b]
calculated depth of 5.7mbsf because they
use a different hydrate stability model,
Colorado School of Mines Hydrate
program [Sloan, 1998], and because they
assume salinity remains constant below
the deepest measured value. The
background temperature gradient at Ursa
is 25 mK m�1. Thus, the deviation from
the background thermal gradient is

410 mK m�1 (435 mK m�1–25 mK m�1) and the ratio of deviation from background heat flux to salinity
gradient is 34.4 (410/11.9). This is approximately 5 times greater than the simulated examples and implies that
significant water flux is present.

We interpret that the Ursa vent is a long-lived feature and that it is currently in its final, steady state phase.
We use equations (11) and (12) to quantify the water flux necessary to reconcile the observed temperature
and salinity profiles. We first calculate that, given the observed salinity gradient of 11.9 wt % m�1 and no
water flow (qw= 0), the temperature gradient should be approximately 100 mKm�1° (Figure 11). This is much
lower than the observed temperature gradient of 435 mKm�1. We then calculate (equation (12)) that a Darcy
flux of 9.5mmyr�1 is necessary in order for the simulated temperature gradient to equal the observed
(equation (12)). This extra water freshens the system and forces hydrate to formwhich elevates the temperature
gradient (Figure 11). We also note that this provides a limiting value for the gas flux that must be present. In
order for methane to be supplied equal to its proportion in hydrate (~13.4% by mass), then a gas flux of at least
~1.3 kgm�2 yr�1 must be present for this water flow.

5. Discussion

We envision that a hydrate system fed from below by gas undergoes three distinct phases (Figure 12). First,
a free-gas/hydrate reaction front propagates toward the seafloor and elevates salinity and temperature to
three-phase equilibrium at the reaction front (Figure 12a). In this stage, the release of heat from hydrate
formation is significantly more important in shifting hydrate stability conditions than the exclusion of salt.
As a result, subseabed temperature gradients are highest during this stage and reach a maximum just before
the reaction front breaches the seafloor.

Second, after breaching, elevated salinities and temperatures dissipate away from the three-phase chimney.
Because heat conduction outpaces chemical diffusion, pore water within the gas chimney becomes cooler
and saltier over time (Figures 12b and 12c). Continued hydrate formation during dissipation results in
permeability reduction, which traps water and elevates water pressures to values that exceed the total
vertical stress. Hereafter, pore pressures likely fracture the overburden, increasing permeability, and allowing
gas and water to flow through the RHSZ to the seafloor. We note that in a two or three-dimensional model,

Figure 11. The steady state temperature gradient that results for a
range of Darcy water fluxes at the Ursa vent. Figure assumes that gas
is always supplied in excess of its proportion in hydrate and that the steady
state salinity gradient is 11.9 wt % m�1 (PC-25, Figure 1b). Horizontal
dashed black lines show highest observed temperature gradient at the Ursa
vent (435mKm�1) and the background geothermal gradient (25mKm�1).
A water flux of ~9.5mmyr�1 must accompany an upward gas flux to
simulate the highest observed temperature gradient.
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it is possible that hydrate formation and pore-throat reduction may encourage lateral gas migration and the
propagation of more tortuous escape pathways. In fact, recent observations at a free-gas/gas-hydrate system
offshore SW Africa indicate that hydrate formation may cause reduction in vertical sediment permeability
and the redirection of rising fluids to surrounding sediments [Marcon et al., 2014]. Future modeling efforts in
two and three dimensions must be done to better understand the importance of these processes.

Eventually, the temperature gradient within the RHSZ relaxes toward a steady state value where heat loss
balances the heat generated due to hydrate formation, and the hydrate formation is controlled by the rate
of salt loss. This continued hydrate formation produces steady and significant salt and heat fluxes to the
ocean (Figure 12c and Movie S1). We have specifically developed an approach to estimate the water flux
necessary to create a particular salinity and thermal gradient.

Our model suggests that the coexistence of high salinities, high-temperature gradients, gas hydrate, and
free-gas expulsion at Ursa and other vents around the world, can be explained as the natural result of gas
migration through the hydrate stability zone. We further interpret that many long-lived vent systems may be
at steady state: elevated temperature and salinity gradients are maintained by the continuous solidification
of hydrate near the seafloor. At these systems, gas hydrate coexists with seafloor gas expulsion and high salinities/
temperatures that shift the vent to three-phase equilibrium [Hornbach et al., 2005; Liu and Flemings, 2006; Milkov
et al., 2004; Pape et al., 2011; Römer et al., 2012; Ruppel et al., 2005b; Sahling et al., 2009]. As excess gas supplied from
below bubbles through to the ocean, hydrate forms at or near the seafloor and is limited by the rate that salt
escapes. Each vent is its own thermal reactor that is fueled by a gas-to-hydrate phase change near the seafloor.
This hydrate formation likely drives the creation of mounts of hydrate at the seafloor and in the subsurface that
have been observed in the Santa Monica Basin, offshore California [Paull et al., 2008] (Figure 11). In addition, this
hydrate formation produces a steady heat flow which drives the extraordinarily high-temperature gradients that
have been observed at venting locations around the world [e.g., Pape et al., 2011; Ruppel et al., 2005b; Sahling
et al., 2009]. To explain the observations at Ursa, we estimate that there is a Darcy aqueous flux of 9.5mmyr�1

and that there is a gas flux that is no less than 1.3 kgm�2 yr�1.

Figure 12. Evolution of the venting system. (a) Free gas (white circles) is supplied from below; when this gas reaches the base of the RHSZ, gas and water combine
to form hydrate (green circles). Salt (pink stars) is excluded during this process, and heat is released. Hydrate formation continues until the pore water is too warm
and salty for further hydrate formation. Hydrate formation self generates three-phase hydrate equilibrium from the base of the RHSZ to the seafloor. This process lasts
between 1 and 10 kyr, depending on the basal gas flux. (b) Once the hydrate reaction front breaches the seafloor, hydrate formation continues at a rate necessary to
replace the loss of salt and heat from diffusion and conduction, respectively. The conduction of heat away from the chimney outpaces the diffusion of salt. As a result,
the chimney becomes saltier and cooler over time. (c) Continued hydrate formation just below the seafloor results in permeability reduction, which causes water
pressures to exceed the vertical stress. Hereafter, fracturing (black arrow) may occur, and water pressures will push fluids through the HSZ. Eventually, a steady
state is reached in which temperatures in the chimney relax to background values, and salinities increase to values necessary for three-phase equilibrium given
the background thermal gradient. In this steady state, hydrate formation only occurs directly below the seafloor, and it occurs at a rate necessary to replace
diffuse salt loss. This steady state hydrate formation has the potential to produce large, steady fluxes of salt and heat to the ocean.
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The model presented here is an alternative to that presented by Smith et al. [2014]. In that model, Smith et al.
[2014] showed that the observed temperature and salinity gradients at Ursa could be explained by deeply
sourced salty water flowing upward at 30mmyr�1 and hydrocarbon flowing upward at 41–190 kgm�2 yr�1.
While themodel of Smith et al. [2014] reconciles the observed temperature and salinity gradients, it requires a
very high-hydrocarbon flux to account for the high-temperature gradient present. This hydrocarbon flux is
significantly greater than previous estimates.

The two model approaches represent end members of the hydrogeological processes present at
deepwater vents, and these models are distinct and testable. For example, in the hydrate solidification
model, the salinity present near the seafloor is the triple-point salinity. Thus, if the hydrate solidification is
the driving process then the seafloor salinity should always be at the triple point and vents in the deeper
water should record higher salinities than vents in shallower water because the deeper water is further
from equilibrium. Second, high salinities present in vent systems without any obvious source of salt can
only result from the hydrocarbon-solidification model presented here. Third, geochemical measurements
such as Na+ to Cl� ratios and strontium isotopes will help to distinguish deep advection and hydrate
solidification as heat- and salt-generating processes [Reitz et al., 2007]. For example, if high-salinity fluids
are derived from hydrate solidification, then the Na+ to Cl� ratios will be close to that of seawater (~0.85),
whereas if high-salinity fluids are derived from subsurface salt bodies, then the ratio will be closer to that
of halite (1.0). 87Sr/86Sr values can further clarify whether brine-enriched fluids are sourced from depth or
generated via shallower processes like hydrate solidification [Reitz et al., 2007]. Finally, modeling studies in
two and three dimensions will help to reconcile the apparent discrepancy between measured
geochemical and temperature data at vents. For example, the mismatch in aqueous flow rates necessary
to explain the salinity and temperature data in the model of Smith et al. [2014] may simply be due to the
limited ability to target vents using shipboard coring devices versus submersible push cores as well as
differences in chemical versus thermal diffusivity. Future field and modeling studies will illuminate which
of these processes are driving the presence of high salinities, high temperatures, and hydrate venting at
deepwater vents around the world.

5.1. Model Limitations

Our model is one-dimensional and we recognize that both heat and salt may diffuse laterally away from
the salty three-phase gas chimney to the surrounding normal salinity pore water. In previous work, we
have shown that a vertical gas flux of ~1 kgm�2 yr�1 far exceeds the rate of gas depletion due to continued
hydrate formation caused by lateral diffusion of salt [Liu and Flemings, 2006, 2007]. This indicates that
even in a two-dimensional model, the lateral diffusion of salt will not outpace gas supply from below
and that therefore a gas chimney will form and be maintained. Salinity and temperature will be
maintained at three-phase equilibrium by continued hydrate formation even though salt is transported
away laterally. Thus, a one-dimensional model is a reasonable approximation of two-dimensional behavior
in a gas chimney.

We assume that gas is 100%methane, even though gas from hydrates recovered at Ursa reveals the presence
of heavier hydrocarbon gases (75.2% C1, 7.5% C2, 11.2% C3, 5.5% i-C4, and 0.5% n-C4) [Sassen et al., 2001].
This different gas composition affects the depth of the RHSZ by tens of meters and would result in salinity
and/or temperature needing to be even greater within the vent to generate three-phase equilibrium [Sloan,
1998]. We also assume that gas is supplied from depth at a constant rate, even though flow from GoM vents
varies significantly in time and space [Hu et al., 2012; MacDonald et al., 2000]. All of these factors would
contribute to the precise water flux necessary to explain the observed temperature and salinity profiles.
However, it would not change the fundamental insights gained through the model.

The assumption of constant salinity and constant temperature at the seafloor is a simplification of the
physical behavior at the ocean-seafloor interface. For example, as salt diffuses to the seafloor with a high
concentration, we would expect a boundary layer to build up with concentrated salt in the water column [Fer
and Haugan, 2003; McDougall, 1984; Turner and Gustafson, 1978]. In fact, such dense, saline ponds have been
observed on the seafloor at Ursa and other deepwater GoM vents [MacDonald et al., 2003]. This boundary
layer might limit diffusive salt transport [Fer and Haugan, 2003] and if so an even higher water flux would be
required. Similarly, but perhaps less significantly, it is possible that a thermal boundary layer would develop
that would limit heat transport. Future work will address refining this boundary condition.
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6. Conclusions

Gas vents that pierce the HSZ and transport free methane gas from depth into the ocean are ubiquitous
components of the world’s oceans. We present a one-dimensional model that couples the thermodynamics
of hydrate solidification with multiphase flow to illuminate this process. During the propagation phase, a
free-gas/hydrate reaction front propagates toward the seafloor, elevating salinity and temperature to three-
phase equilibrium. After the reaction front breaches the seafloor, the temperature gradient in the gas
chimney dissipates to background values, and salinity increases to maintain three-phase equilibrium.
Ultimately, a steady state is reached in which hydrate formation occurs just below the seabed at a rate
necessary to replace salt loss. We present a quantitative approach to estimate, for the steady state, the water
flux and the minimum gas flux necessary for a given salinity and temperature gradient. We use this approach
at the Ursa Vent in the Gulf of Mexico and show that the observed salinity and temperature gradient can
be simulated with an upward flow of water (Darcy flux) of 9.5mmyr�1 and a gas flow no less than
1.3 kgm�2 yr�1. These insights improve our understanding of gas vents and highlight the importance of
latent heat and salinity on gas-hydrate formation and evolution at subsurface venting sites.

Appendix A: Derivation of Steady State Hydrate Saturation and Temperature Gradient

Using conservation of mass, we express the total mass of salt in the RHSZ as ([accumulation] = [mass out] �
[mass in]):

∂
∂t

ρCN
� 	 ¼ � ∂

∂z
ρwSwCLNVzð Þ; (A1)

whereρ is average density of pore volume (sum of water plus hydrate),CN is average composition of salt, ρw is
density of water, Sw is water saturation, CLN is composition (salt) in liquid, and Vz is liquid velocity. We assume
that liquid and hydrate density are equal and that the salt mass from the average equals the salt mass in the
liquid, and we define the liquid velocity as qw Sw

�1 ϕ�1, where qw is the Darcy water flux and ϕ is porosity.
This simplifies equation (A1) to

∂
∂t

SwCLNð Þ ¼ � ∂
∂z

CLN
qw
ϕ

� �
: (A2)

Equation (A2) establishes a relationship between water saturation and salt concentration. We assume that the
system is at equilibrium salinity and that the salinity gradient is linear:

CLN ¼ az þ b; (A3)

where a is the salinity gradient and b is the salinity of water supplied from below the RHSZ. Combining
equations (A2) and (A3), assuming Sw= 1 � Sh and ∂Sw=� ∂Sh, and considering a fixed depth, z:

∂Sh
∂t

¼ qw
ϕ

adz
az þ b

: (A4)

Integrating

∫
z

0
ρh

∂Sh
∂t

dz ¼ ρh
qw
ϕ

ln
azi þ b

b

� �
; (A5)

where zi is depth above the base of the HSZ. Equation (A5) expresses the total mass of hydrate formed per
unit time in the HSZ. At depth zi, salinity is at the value necessary for three-phase equilibrium (Ceq); and at
depth z= 0, salinity is at seawater values (Ci). Therefore, b= Ci and a = Ceq�Ci

zi
, and equation (A5) simplifies to

dXhADV

dt
¼ ρh

qw
ϕ

ln
Ceq

Ci

� �
; (A6)

which describes the total mass of hydrate (Xh) formed for any upward (or downward) flow of water of salinity,
Ci, into a zone with a critical salinity, Ceq.

Next, using Fick’s law, the total amount of hydrate formation due to salt loss via diffusion within the boundary
layer at the seafloor can be expressed as

dXhDIFF

dt
¼ ρhϕD

s
l0a

θ2Ceq
: (A7)
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Combining equations (A6) and (A7), we express the total amount of hydrate added with the RHSZ due to
advection of relatively fresh water from below and diffusion at the seafloor as (equation (11) from the text)

dXh

dt
¼ ρhϕD

s
l0a

θ2Ceq
þ ρh

qw
ϕ

ln
Ceq

Ci

� �
: (A8)

The temperature gradient necessary to remove the heat flow produced from the heat added via hydrate
formation can then be expressed as (equation (12) from the text)

dT
dz

¼
Qe þ ρhϕD

s
l0aL

θ2Ceq
þ ρh

qw
ϕ ln Ceq

Ci

h i
L

λ
; (A9)

where Qe is the background geothermal heat flow, L is the latent heat of hydrate formation, and λ is the bulk
thermal conductivity. This approach neglects the heat that is transported from advection via the upward flow of
water into the RHSZ. For example, for a water flux of 10mmyr�1 from a source temperature of 16°C (at 440mbsf)
to the seafloor (5°C), the heat flow from advection is ~13mWm�2, which is a significant fraction of the
background heat flow from conduction at Ursa (25mWm�2). However, due to poor constraints on the source
temperature of the water flux, we assume that these effects are secondary and beyond the scope of the study.
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