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Abstract 

 
OBSERVATIONS AND MODELS OF VENTING AT DEEPWATER 

GULF OF MEXICO VENTS 

 

Andrew James Smith, M.S.Geo.Sci. 

The University of Texas at Austin, 2012 

 

Supervisor:  Peter B. Flemings 

 

Natural vents in the Gulf of Mexico are actively expelling water and 

hydrocarbons. They are ubiquitous along continental margins, and I characterize a single 

vent in the Ursa Basin at leaseblocks MC852/853. Seismic data reveal that the vent is 

elevated ~75 meters above the seafloor and is roughly circular with a ~1.2 km diameter. 

A transparent zone centered underneath the vent extends to ~1500 meters below seafloor; 

this zone is commonly interpreted to record the presence of gas. There is a strong 

negative polarity seismic reflection that rises rapidly at the vent’s boundaries and is 

horizontal within a few meters of the seafloor beneath the vent edifice. I interpret that this 

reflection records a negative impedance contrast, marking the boundary between hydrate 

and water above and free gas and water below: it is the bottom-simulating reflector. 

Salinities beneath the vent increase from seawater concentrations to >4x seawater salinity 

one meter below seafloor. Temperature gradients within the vent are ~15x the 

background geothermal gradient.   

I model the coexistence of high salinity fluids, elevated temperature gradients, 

and an uplifted bottom-simulating reflector with two approaches. First, I assume that high 



 vii

salinity fluids are generated by dissolution of salt bodies at depth and that these hot, 

saline fluids are expelled vertically. Second, I model the solidification of gas hydrate 

during upward flow of gas and water. In this model, free gas combines with water to form 

hydrate: salt is excluded and heat is released, resulting in the generation of a warm, saline 

brine. The two models result in predictable differences of salinity and temperature. A 

better understanding of the hydrogeological processes at vent zones is important for 

quantifying the fluxes of heat and mass from submarine vents and is important for 

understanding the conditions under which deep-sea biological vent communities exist. 
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Chapter 1: INTRODUCTION 

Natural seafloor vents are ubiquitous on the continental slope in the Gulf of 

Mexico (GoM) and are actively expelling water and hydrocarbons. Vents are the site of 

poorly understood chemosynthetic biological communities [Paull et al., 1984] and gas 

hydrate [Brooks et al., 1986], an ice-like crystalline compound that contains methane and 

other light gases in a lattice of water molecules [Sloan, 1998]. Vents and associated 

hydrates release considerable quantities of hydrocarbon into the ocean [Suess et al., 1999; 

Valentine et al., 2001] and atmosphere [Solomon et al., 2009], which may contribute 

significantly to oceanic and atmospheric carbon budgets [Dickens, 2003; Judd et al., 

2002; Kopf, 2002; Milkov et al., 2003]. 

 

In seismic data, vents look like volcanic edifices. They are elevated ~100 m 

relative to the surrounding seafloor, and their cores are circular and up to several 

kilometers in diameter. The bottom-simulating reflector (BSR), which is interpreted to 

mark the boundary between hydrate and water above and gas and water below [Bangs et 

al., 1993], rises toward the seafloor at the center of vents [Hornbach et al., 2005; Spieß 

and Fekete, 2011; Wood et al., 2002]. Elevated salinities and high temperature gradients 

have been observed in the subsurface near the seafloor of vents [Paull et al., 2005; 

Ruppel et al., 2005]. Although the coexistence of high salinities, elevated temperature 

gradients, and an uplifted BSR has been well documented, the hydrogeological processes 

creating these conditions remain poorly understood.  

 

Some studies have proposed that high salinities at vents result from the upward 

flow of solute-enriched fluids superimposed on vertical diffusive solute transport [Hanor 
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and Mercer, 2010; McManus and Hanor, 1993].  Others have shown that high salinities 

can be generated via the exclusion of salt during hydrate formation [Liu and Flemings, 

2006] or by subcritical phase separation [Reitz et al., 2007].  To explain elevated 

temperature gradients, studies [e.g. Hornbach et al., 2005] have applied an analytical 

solution to the steady-state advection-diffusion heat equation [Bredehoeft and 

Papaopulos, 1965], suggesting that the upward flow of warm fluids is elevating 

temperatures near the seafloor. Others have proposed that that the conductive effects of 

an underlying salt body may explain temperature anomalies [Hornbach et al., 2005]. A 

separate study that uses a coupled model of fluid-heat-salt transport shows how salt-body 

geometry and seafloor relief may spur salt-driven geothermal convection on a regional 

scale [Wilson and Ruppel, 2007]. Finally, the release of heat during hydrate 

crystallization has been proposed as a significant heat-generating mechanism at vents 

[Liu and Flemings, 2006]. Although several processes have been recognized that may 

contribute to increases in salinity and temperature gradients, a dominant process that can 

fully explain both observations has yet to be described.  

 

Another persistent issue related to vents is quantifying the flux of water and 

hydrocarbons. Several studies have estimated water flux by simulating measured 

subsurface geochemical profiles or temperature anomalies with advection-diffusion 

models [Hornbach et al., 2005; Reitz et al., 2007; Ruppel et al., 2005], but these models 

have all assumed single-phase flow of water despite substantial evidence of multiphase 

flow such as: direct observations of active gas and oil venting [Hornbach et al., 2005; 

MacDonald et al., 2003; MacDonald et al., 2000], sea surface slicks observed from space 

[Macdonald et al., 1993], and the retrieval of oil-stained cores and highly gas-charged 

sediment from vent surfaces [Ruppel et al., 2005; Winters et al., 2007]. Several studies 
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have used video-imaging techniques [Leifer and Macdonald, 2003], sonar data 

[Hornafius et al., 1999], or turbine tents on the seafloor [Leifer and Boles, 2005] to 

quantify the emission of hydrocarbons from individual vents. These techniques, however, 

do not constrain fluxes of both water and hydrocarbons, and they do not measure flow 

over long timescales. Furthermore, video-imaging techniques and turbine tents can only 

quantify flux at localized seep points and therefore are not effective for vents commonly 

found on continental slopes. The fluxes of gas and water need to be constrained in order 

to predict the relative role of hydrate formation in elevating salinity and temperature at 

vents [Liu and Flemings, 2007; Xu and Ruppel, 1999]. Thus, a universal method for 

estimating fluid flux is important for better understanding the hydrogeological process of 

venting. A method for estimating fluid flux from vents is also needed to constrain vents’ 

global input of heat, mass, and carbon.  

 

My thesis focuses on a seafloor vent in the GoM at leaseblocks MC852/853 in 

~1070 meters of water depth. The vent has been studied extensively. Sediments are 

highly gas charged [MacDonald et al., 2003; Winters et al., 2007], and gas bubbles are 

released upon slight sediment disturbance [MacDonald et al., 2003]. Sassen et al. [2001] 

recovered thermogenic gas hydrates from the mound with an average gas composition of 

75.2% methane, 7.5% ethane, 11.2% propane, 5.5% isobutane, and 0.5% n-butane. 

MacDonald et al. [2003] observed carbonate chimneys, active oil seepage, and a 

chemosynthetic community that clusters away from the center of the mound with the 

submarine Alvin.  Synethic-aperture-radar (SAR) images document persistent oil seepage 

on the ocean surface above the vent [Garcia-Pineda et al., 2012].   
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 I characterize the vent using three-dimensional seismic data, temperature-

gradient measurements from Ruppel et al. [2005], and subsurface pore-water salinity 

measurements from Ruppel et al. [2005] and Paull et al. [2005]. These data show that, 

beneath the vent, there is an incredible shoaling of the BSR and that salinity and 

temperature gradients are significantly higher than background levels. I model the 

coexistence of an uplifted BSR, high salinities, and elevated temperature gradients with 

two approaches in two separate chapters. 

 

In Chapter 2, I assume that high salinity fluids are generated by the dissolution of 

salt bodies at depth and that hot, saline fluids are expelled vertically. I show that this 

model can explain the observed salinity, temperature, and BSR if the flux of gas is 30x 

larger than the flux of water by volume. The key findings of this chapter are that: 1) I 

present a model that reconciles both salinity and temperature anomalies at a deepwater 

vent for the first time, and 2) I present a model that can be used to calculate water and 

hydrocarbon flux from deepwater vents around the world where geochemical and 

temperature-gradient data are available.  

 

Chapter 3 is a continuation of Chapter 2. In Chapter 2, I show that the salinity and 

temperature signature at vents can be explained by the upward flow of gas and water 

from depth. My model predicts a volumetric gas flux that is 30x greater than the 

volumetric water flux and estimates the base of the hydrate stability zone (i.e. BSR depth) 

to be 25 meters below seafloor (mbsf). The paradox of this conclusion is that if gas and 

water are flowing vertically together and the base of the hydrate stability zone is beneath 

the seafloor, then hydrate solidification will occur, generating heat and salt. This insight, 

inferred from numerical modeling, is corroborated by field studies which have collected 
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hydrates on the vent [Ruppel et al., 2005; Sassen et al., 2001; Winters et al., 2007] and 

recorded slight salinity increases with decreasing depth beneath the vent [Paull et al., 

2005; Ruppel et al., 2005], consistent with salt exclusion during hydrate formation [Liu 

and Flemings, 2006].  Thus, in Chapter 3, I address the likelihood of heat and salt 

generation via hydrate formation. 

 

I use the model developed by Liu and Flemings [2007] to simulate hydrate 

solidification during the upward flow of gas. In this model, free gas combines with water 

to form hydrate: salt is excluded and latent heat is released, resulting in the generation of 

a warm, saline brine near the seafloor. Chapter 3 is significant because it presents the first 

venting model that simulates both the release of heat and the exclusion of salt during 

hydrate solidification.  

 

The application of this work is far-reaching. It directly addresses the interrelation 

of high salinities, elevated temperature gradients, gas hydrates, and fluid expulsion 

observed at deepwater vents. A better understanding of vent processes and vent fluid 

fluxes is critical for researchers who study vent ecosystems [Hornbach et al., 2007; 

MacDonald et al., 2004; Niemann et al., 2006; Paull et al., 1984]. Furthermore, a better 

understanding of vent processes in the deepwater will have direct impact on our 

understanding of the evolving behavior of gas vents and hydrate systems in the Arctic 

[Shakhova et al., 2010]. 

 

The hydrocarbon flux estimates presented in Chapter 2 revitalize the hypothesis 

that hydrocarbon flux from deepwater vents has been significantly underestimated 

[Milkov et al., 2003] and that it may influence oceanic and atmospheric carbon budgets 
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[Judd et al., 2002; Milkov et al., 2003]. The linkage between natural hydrocarbon 

seepage, the Gulf’s rapid biodegradation of hydrocarbons [Hazen et al., 2010; Kessler et 

al., 2011b], and deepwater oxygen anomalies [Joye et al., 2011; Kessler et al., 2011a; 

Kessler et al., 2011b] observed after the Deepwater Horizon oil spill remains poorly 

understood. Natural vents have been acknowledged as a potential explanation for the 

rapid biodegradation of hydrocarbons [Hazen et al., 2010] and deepwater oxygen 

anomalies [Joye et al., 2011] observed after the oil spill. My extraordinarily large 

hydrocarbon flux estimates imply that natural seepage may explain some of these 

observations 

 

Future studies should develop two-dimensional and three-dimensional numerical 

models to describe the venting process. Field studies should document the geochemical 

and thermal signature at vents in high latitudes, so that the approach presented here can 

be applied to the Arctic, a region undergoing rapid environmental change [e.g. Shakhova 

et al., 2010].  Finally, future efforts should develop systematic relationships between 

fluid fluxes and the microbial communities observed at vents [e.g. Niemann et al., 2006]. 

These relationships will reveal how methane biofilters may change for different fluid 

fluxes and at different latitudes, elucidating the role of microbial communities as a 

methane sink.  
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Chapter 2: HYDROCARBON FLUX FROM NATURAL 
DEEPWATER GULF OF MEXICO VENTS  

ABSTRACT 

Natural vents that expel water and hydrocarbons are present on continental 

margins around the world. The expelled fluids support biological communities, escape to 

the ocean and atmosphere, and may contribute significantly to oceanic and atmospheric 

carbon budgets. Studies of vents in the Gulf of Mexico have documented significant 

flow, high salinities, and elevated temperature gradients.  Although several processes 

have been recognized that may contribute to increases in salinity and high temperature 

gradients at vents, a dominant process that explains both observations has not been 

described. Here I show that there is a unique water and hydrocarbon flux that simulates 

the observed salinity and temperature at deepwater vents. I estimate the hydrocarbon flux 

to be 6.0-9.9x104 t yr-1 from a single vent, and I extrapolate this to estimate the 

hydrocarbon flux from the entire Gulf of Mexico to be 3.4-5.5x107 t yr-1.  This flux is at 

least 100x greater than previous estimates and is 22-36% of the hydrocarbon flux from 

the Macondo oil spill. Large natural seepage may inoculate marine basins such as the 

Gulf of Mexico from oil spills like the 2010 Deepwater Horizon blowout by sustaining 

populations of hydrocarbon-degrading bacteria.  

 

TEXT 

I study the Ursa vent in ~1070 meters of water depth in the northern Gulf of 

Mexico (GoM) at lease blocks MC852/853 (Fig. 2.1). Synthetic-aperture-radar (SAR) 

images detect persistent residual oil seepage on the sea surface above the vent (Fig. 2.1) 

[Garcia-Pineda et al., 2012]. Three-dimensional seismic data reveal that the vent is  
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Table 2.1: Nomenclature.   

Symbol Name Dimension* 
C Chloride concentration M L-3 
cpw Heat capacity (water) L2 t-2 T-1 
cpg Heat capacity (gas) L2 t-2 T-1 
D Diffusion coefficient L2 t-1 
g Acceleration due to gravity L t-2 
k Permeability L2 
krg Relative permeability of gas Dimensionless 
krw Relative permeability of water Dimensionless 
L Flow-path length L 
P Pressure M t-2 L-1 
Pw Water-phase pressure M L-1 t-2 
P*

w Overpressure M L-1 t-2 
qg Gas flux L3 L-2 t-1 
qw  Water flux L3 L-2 t-1 
Srg Irreducible gas saturation Dimensionless 
Srw Irreducible water saturation Dimensionless 
Sw Water saturation Dimensionless 
T Temperature T 
TL Temperature at source depth  T 
TU Temperature at seafloor T 
z Depth L 
λ Bulk thermal conductivity  M L t-3 T-1 
μg Gas viscosity M L-1 t-1 
μw Water viscosity M L-1 t-1 
ρg Gas density  M L-3 
ρw Water density M L-3 
 
*T=temperature; M=mass; t=time; L=length 
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Figure 2.1. Seismic dip map of the Ursa Basin in the Gulf of Mexico.  

Dip maps emphasize steeper gradients with darker colors. Contours are in meters below 

sea level (converted from time to depth assuming a 1.5 km s-1 acoustic velocity). Map is 

overlain with backscatter anomalies (red) detected from a SAR image taken May 24, 

2006. Backscatter anomalies are interpreted as oil slicks on the ocean surface. The gas 

vent (black box, Fig. 2.2a) is ~220 km SSE of New Orleans and ~100 km from the 

Deepwater Horizon oil spill (black dot). 
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elevated ~75 meters above the seafloor and is roughly circular with a ~1.2 km diameter 

(Fig. 2.2a,b). A transparent zone centered underneath the vent extends to 1500 meters 

below seafloor (mbsf) (Fig. 2.2b); this zone is commonly interpreted to record the 

presence of gas [Yin et al., 2003]. There is a strong, negative-polarity seismic reflection 

that rises rapidly at the vent’s boundaries and is horizontal within a few meters of the 

seafloor beneath the vent edifice (Fig. 2.2b). I interpret that this reflection records a 

negative impedance contrast, marking the boundary between hydrate and water above 

and free gas and water below: it is the bottom-simulating reflector (BSR) [Bangs et al., 

1993]. Carbonate chimneys, active oil seepage, and a chemosynthetic community that 

clusters away from the center of the mound have been observed with submarine Alvin 

[MacDonald et al., 2003]. Vent sediments are highly gas-charged [MacDonald et al., 

2003; Winters et al., 2007], and gas bubbles are released upon slight disturbance of the 

mound [MacDonald et al., 2003].  

 

Chloride concentrations beneath the vent increase from seawater concentration 

(550 mM) to >4x seawater concentrations 1 mbsf (Fig. 2.2c) [Paull et al., 2005; C.  

Ruppel et al., 2005]. Temperature gradients measured in the first 3 mbsf within the vent 

(TM 5-9, TM 5-8) are ~15x the background geothermal gradient of 25 mK m-1 (Fig. 2.2d) 

[C. Ruppel et al., 2005].  

 

The vent is imaged as a transparent zone extending to a prominent salt diapir 

approximately 1500 mbsf (Fig. 2.2b). I envision that constant-temperature fluids are 

sourced at constant pressure from thick aquifer sands that onlap the salt diapir (Fig. 2.3).  

Pore pressures are held constant at the pressure necessary to hydraulically fracture the  
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Figure 2.2. Subsurface plumbing, chloride measurements, and temperature 
gradients at MC852/853.  

a, Seafloor amplitudes showing locations of chloride and thermal-gradient 

measurements. Larger amplitudes (blue) likely record the presence of authigenic 

carbonates or hydrates. Negative amplitudes (yellow-red) record where the BSR 

intersects the seafloor. I interpret these areas to be where there is active gas venting. b, 

Seismic reflection profile through the gas vent with two-way travel time (TWT) and depth 

on vertical axes. TWT is converted to depth assuming an acoustic velocity of 2 km s-1. c, 

Chloride gradients measured by piston and box core. d, Temperature gradients measured 

in upper 3 meters of the sediment column. Error bars are smaller than symbol size except 

at TM 5-9.  
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cap rock at the crest of these aquifer sands [Cathles and Smith, 1983; Hubbert and Willis, 

1972]. 

 

I model the coexistence of high salinities, elevated temperature gradients, and an 

uplifted BSR by assuming that high-salinity fluids are generated by dissolution of salt 

bodies at depth and that these warm, saline fluids are expelled vertically (Fig. 2.3). I 

assume one-dimensional and steady-state heat and salt transport. Material parameters of 

water and methane are assumed invariant. Chloride is transported by chemical diffusion 

and upward flow of water, and heat is transported by conduction and upward flow of 

water and free methane gas. I assume that water of constant salinity (~4.5x seawater) and 

gas are supplied at a constant rate from a depth of 1500 mbsf and that temperature at 

1500 mbsf is 42.5 oC. At the seafloor, I assume seawater salinity and a temperature of 5 

oC.  

 

Chloride is transported solely by water, so I initially solve for the water flux (qw) 

necessary to simulate the highest observed chloride gradient (PC-25). The chloride 

concentration with depth (C(z)) is described by (see Appendix A2):  
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where z is depth, L is flow-path length (1500 m), D is the diffusion coefficient scaled for 

diffusion in a porous media [Domenico and Schwartz, 1990; Li and Gregory, 1974], and 

CU and CL are Cl- boundary conditions defined by the Cl- concentration in seawater (550 

mM) at the seafloor and the maximum observed Cl- concentration (2600 mM) at the  
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Figure 2.3. My view—a conceptual model.  

a, In the vent, high salinities and high temperatures record the upward flow of water and 

hydrocarbons from depth. We model the coexistence of high salinities, elevated 

temperature gradients, and an uplifted BSR by assuming that water and hydrocarbon are 

flowing vertically together. Water supplied from depth transports heat and salt (green 

stars), and hydrocarbon (white circles) transports heat.  b, Simulated temperature-

versus-depth and chloride-versus-depth profiles for an upward 3 cm yr-1 water flux (qw) 

and 90 cm yr-1 gas flux (qg) (equations 2.1 and 2.2). The isothermal and isohaline vent is 

advecting fluids at a rapid rate, making advection the dominant heat- and salt-transport 

process over conduction and diffusion. c, Same simulations as in part b plotted over a 

depth of 5 meters. 
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source depth (see Table A2). To match the observed Cl- gradient, a 3 cm yr-1 water flux is 

required (Fig. 2.4a). 

 

Temperature as a function of depth (T(z)) is controlled by both water flux (qw) and 

gas flux (qg) (see Appendix A3):  
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where ρwcpw and ρgcpg are volumetric heat capacities of water and methane and λ is bulk 

thermal conductivity (see Table A3). The temperature at the seafloor (TU) is 5 oC [C. 

Ruppel et al., 2005; Winters et al., 2007], and the temperature (TL) at the 1500-mbsf 

source depth is 42.5 oC based on a background geothermal gradient of 25 mK m-1. To 

simulate the highest observed temperature gradient of 435 mK m-1 (TM 5-9) within the 

upper 3 mbsf, a gas flux of 90 cm yr-1 must accompany the established 3 cm yr-1 water 

flux (Fig. 2.4b). This venting fluid results in a seafloor heat flux of 465 mW m-2, which is 

~19x greater than the background heat flux of ~25 mW m-2.   

 

I describe the upward flow of water and gas with a multiphase adaptation of 

Darcy’s law (see Appendix A4):  
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dP*
w dz-1 is the water-phase overpressure gradient, ρw and ρg are water and gas density, g 

is the acceleration due to gravity, k is permeability, μw and μg are water and gas viscosity, 

Sw is water saturation, and Srw and Srg are irreducible (i.e. minimal) water and gas 

saturations (see Table A4). I simulate the water saturation and pressure gradient that 

result at a range of permeabilities for the 3 cm yr-1 water flux and 90 cm yr-1 gas flux I 

infer to be present (Fig. 2.4c). I find that for a range of permeabilities, the water 

saturation lies between 0.67 and 0.96 even though the flux of gas is 30x that of water. 

This is because gas viscosity and density are significantly lower than those of water. If 

the overpressure gradient equals the overburden gradient (~104 Pa m-1), as has been 

observed at other vents [Reilly and Flemings, 2010; Tréhu et al., 2004], then the water 

saturation is 0.71 and the permeability is 4.4x10-16 m2. This permeability is within the 

range observed near the seafloor [Schneider, 2011].  

 

A 3 cm yr-1 water flux and 90 cm yr-1 gas flux equates to a volume flux of 2.4x104 

m3 yr-1  for water and 7.1x105 m3 yr-1 for gas if fluxes are assumed constant over the area 

of the shoaled BSR (~0.79 km2). For the assumed fluid densities (see Table A3), I find 

the mass flux of water and gas to be 2.4x104 t yr-1 and 6.0x104 t yr-1 for the MC852/853 

vent. If instead of gas and water, oil and water are expelled at MC852/853; my model 

predicts an even greater hydrocarbon mass flux: 9.9x104 t yr-1. It is most likely that water, 

oil, and gas flow together; therefore I adopt the 6.0x104 t yr-1 gas flux and 9.9x104 t yr-1 

oil flux as two end members for hydrocarbon discharge.  
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Figure 2.4. Implications of chloride and temperature observations.  

a, A 3 cm yr-1 water flux is the optimal flux to explain chloride anomalies. b, An 

additional gas flux of 90 cm yr-1 is needed to also simulate the 435 mK m-1 thermal 

gradient measured at TM 5-9. c, Plot shows the unique water saturation and 

overpressure gradient that will drive a 3 cm yr-1 water flux and 90 cm yr-1 gas flux for 

different permeabilities. An overpressure gradient of 104 Pa m-1 implies a  permeability 

of 4.4x10-16 m2.   
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For comparison, video-imaging techniques have been used to quantify 

hydrocarbon mass fluxes as high as 2.7x101 t yr-1 from a single GoM vent [Leifer and 

Macdonald, 2003]; however, this technique does not measure flow over long timescales 

and only quantifies flux from a localized seep point, not an entire vent. Using a statistical 

approach, it was estimated that the average hydrocarbon flux from any given deepwater 

vent around the world is 5.4x103 t yr-1 [Milkov et al., 2003], which is 5-9% of my 

estimated flux.  

 

In the GoM, there are 559 vents creating persistent slicks [Garcia et al., 2009], 

and if each vent expels hydrocarbons at the rate of my prediction at MC852/853, then the 

GoM  hydrocarbon seepage rate is 3.4-5.5x107 t yr-1. This value is at least 100x greater 

than previous studies that estimate GoM seepage ranging from 8-20x104 t yr-1 using 

remote sensing [NRC, 2003].  

 

My estimated hydrocarbon mass flux from MC852/853 is 0.04-0.06% of the 

average mass flux at the Deepwater Horizon oil spill (1.54x108 t yr-1) [McNutt et al., 

2011], and my GoM seepage rate is 22-36% of this average discharge rate [McNutt et al., 

2011].  The implications of my flux estimates are twofold. First, natural hydrocarbon flux 

into the world’s oceans may be far greater than previously thought, impacting our 

understanding of the carbon cycle and its implications for both climate and biological 

systems. Conversely, basins with a large natural hydrocarbon flux may fertilize an 

indigenous population of hydrocarbon-degrading bacteria [Hazen et al., 2010].  In these 

environments, there is an extant population which can rapidly proliferate and consume 

hydrocarbons expelled during accidents such as the Deepwater Horizon event [Hazen et 

al., 2010; Kessler et al., 2011; Valentine et al., 2012].  
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Figure 2.5. Agreement between model results and observed hydrate stability depth. 

a, Seafloor depth (black) indicates the depth at which measurement TM 5-9 was taken 

(1070 mbsl). The three-phase hydrate stability curve (blue) plots pressures and 

temperatures at which hydrate (H), liquid (L), and gas (G) coexist. I  calculate the 

hydrate equilibrium curve with the CSMHyd hydrate model[Sloan, 1998], using average 

gas composition from hydrates collected on the vent [Sassen et al., 2001] and the 

modeled Cl- concentrations converted to salinity (Fig. 2.4a). Pressures are converted to 

depth assuming hydrostatic pressure conditions through both the water and sediment 

column. The in-situ thermal gradient (red) is calculated using the modeled temperature 

profile (Fig. 2.4b). The intersection of the hydrate stability curve and the thermal 

gradient predicts the base of the hydrate stability zone to be ~25 mbsf (yellow). b, 

Seismic reflection profile through the vent.  Two-way travel time is converted to depth 

assuming an acoustic velocity of 2 km s-1 below seafloor. The calculated base of the 

hydrate stability zone shows good agreement with the BSR depth observed in seismic 

data.   
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My model is one-dimensional, yet heat and salt may also be transported laterally. 

However, because thermal diffusivity is several orders of magnitude larger than chemical 

diffusivity [Liu and Flemings, 2006], a two-dimensional model will require an even 

greater hydrocarbon flux to explain the high temperature gradient near the seafloor. I 

assume steady-state conditions even though vent flow can vary spatially and temporally 

[Hu et al., 2012; MacDonald et al., 2000]. However, based on the presence of mature 

biological vent communities [MacDonald et al., 2003], persistent oil slicks on the sea 

surface above vents [Garcia-Pineda et al., 2012], and consistently high temperature and 

salinity in multiple vents [C. Ruppel et al., 2005],  I infer constant discharge over long 

time scales. In addition, the depth of three-phase (liquid-gas-hydrate) hydrate stability 

predicted from my model is in good agreement with the observed base of the hydrate 

stability zone (Fig. 2.5), lending credence to the modeling approach. Finally, I recognize 

that significant hydrate solidification in gas systems will produce higher salinities and 

elevated temperatures [Liu and Flemings, 2006]. I assume, however, that these effects are 

secondary and beyond the scope of the study.  

 

I present an approach for estimating the mass flux of hydrocarbons from the 

seafloor. The predicted mass fluxes are more than 100x greater than previously estimated 

in the GoM [NRC, 2003] and perhaps other oceans. In certain marine basins, a deep-sea 

microbial community may adapt to large, steady natural hydrocarbon seepage over time 

[Hazen et al., 2010]. These microbial communities may account for the rapid 

hydrocarbon biodegradation rates observed after the Deepwater Horizon spill [Hazen et 

al., 2010; Kessler et al., 2011; Valentine et al., 2012].  
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Chapter 3: HEAT AND SALT GENERATION BY HYDRATE 
SOLIDIFATION AT DEEPWATER GULF OF MEXICO VENTS 

ABSTRACT 

I present two models of gas venting through the hydrate stability zone at the Ursa 

vent in 1070 meters water depth in the northern Gulf of Mexico. First, I present an 

equilibrium model in which free gas supplied from depth forms hydrate, excludes salt, 

and releases heat until pore water is too warm and saline for further hydrate formation. 

The model self-generates three-phase equilibrium from the base of the hydrate stability 

zone to the seafloor. The model is a simple approximation technique to simulate hydrate 

formation given no volume expansion, no chemical diffusion, and no transport of the 

liquid phase. I then extend this basic equilibrium model with a one-dimensional, 

multicomponent, multiphase, fluid- and heat-flow model developed by Liu and Flemings 

[2007] to describe hydrate formation at the Ursa vent. In this model, free gas supplied 

from depth combines with water to form hydrate: salt is excluded and heat is released, 

resulting in the generation of a warm, saline brine near the seafloor. The model predicts a 

salinity profile that is distinct from that which is simulated by deep advection. Simulated 

temperature gradients, however, are similar to those predicted by the deep-advection 

model. A better understanding of the hydrogeological processes at deepwater vents is 

important for estimating their global input of heat, mass, and carbon.  

 

1. INTRODUCTION 

Gas hydrate is an ice-like, crystalline compound that contains methane and other 

light gases in a lattice of water molecules [Sloan, 1998]. It is naturally found along 

continental margins in water depths > ~400 m, where there are high pressures, low 

temperatures, and ample supplies of gas and water [Kvenvolden, 1993]. Gas hydrates may 
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host economic quantities of natural gas [Milkov and Sassen, 2002]. Their dissociation 

may have contributed to past environmental change [Dickens, 2003] and may be causing 

ongoing methane release to the atmosphere in the Arctic [Kort et al., 2012; Shakhova et 

al., 2010]. Hydrate decomposition in marine sediments may rapidly elevate pore 

pressure, prompting slope failure along continental margins [Kayen and Lee, 1991]. 

 

High concentrations of hydrate exist in near-seafloor sediments at gas venting 

locations around the world [Brooks et al., 1986; Judd, 2003]. These vents are at water 

depths within the regional hydrate stability zone (RHSZ), and yet gas bubbles emanate 

from the seeps [Greinert et al., 2006; Haeckel et al., 2004; Judd, 2003; MacDonald et al., 

2003; C K Paull et al., 1995; Tréhu et al., 2004]. In seismic data, the bottom-simulating 

reflector (BSR), which marks the boundary between hydrate and water above and gas and 

water below [Bangs et al., 1993], rises toward the seafloor at the center of vents [Bünz 

and Mienert, 2004; Hornbach et al., 2005; Spieß and Fekete, 2011; Tréhu et al., 2004; 

Wood et al., 2002]. These uplifted BSRs are commonly interpreted to record the presence 

of free gas within the RHSZ [Liu and Flemings, 2006; Tréhu et al., 2004; Yin et al., 

2003].  Numerous mechanisms of free-gas transport through the RHSZ have been 

proposed such as: hydrofracturing and critical gas pressures below the RHSZ [Flemings 

et al., 2003; Torres et al., 2011],  the formation of an oily or hydrate layer around bubbles 

that isolates gas from the surrounding water [MacDonald et al., 2003], the inhibition of 

hydrate formation by localized elevations in salinity and/or temperature [Liu and 

Flemings, 2006; Milkov et al., 2004], local dehydration of sediments [Tréhu et al., 2004], 

and the inhibition of hydrate formation by capillary forces [Clennell et al., 1999].  
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Several studies have documented elevated salinities and high temperatures near 

the seafloor of hydrate-bearing vents with direct subsurface measurements [e.g. Ruppel et 

al., 2005] and electromagnetic surveying [e.g. Ellis et al., 2008].  Piston cores collected 

on vent edifices exhibit concave-downward salinity curves [C Paull et al., 2005; Reitz et 

al., 2007; Ruppel et al., 2005], whereas subsurface measurements made on vent flanks 

record concave-upward salinity and temperature profiles [Ruppel et al., 2005].  Other 

studies have documented elevated in-situ salinities that lie on the three-phase hydrate 

stability boundary at the Cascadia accretionary margin [Liu and Flemings, 2006] and at 

the Mallick hydrate reservoir [Wright et al., 2005].  

 

Although the coexistence of gas hydrates, free-gas expulsion, an uplifted BSR, 

and high salinities and temperatures has been well documented at vents, conclusive 

evidence of the origin of these phenomena has remained elusive. A number of studies 

have assumed that high salinities, elevated temperatures, and an uplifted BSR record the 

upward flow of warm, salty fluids from depth [Hornbach et al., 2005; Ruppel et al., 

2005; Wood et al., 2002]. This approach is corroborated by concave-down geochemical 

profiles [C Paull et al., 2005; Reitz et al., 2007; Ruppel et al., 2005], which provide 

evidence for advective flow.  Additionally, the widespread occurrence of salt domes and 

deep-seated faults in marine basins such as the Gulf of Mexico (GoM) suggests that high 

salinities at vents are produced by dissolution and transport of salt from underlying salt 

bodies. This model, however, cannot explicitly explain observations of high-saturation 

hydrate deposits at vents [Haeckel et al., 2004; Torres et al., 2004] or increases in salinity 

with decreasing depth [Liu and Flemings, 2006; Ruppel et al., 2005; Winters et al., 2007]. 

Furthermore, simple numerical models have shown that there is a fundamental mismatch 

in the upward fluid-flow rates necessary to explain observed temperature and 
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geochemical gradients at vents [Hornbach et al., 2005; Smith et al., 2011].  Finally, the 

deep-advection model cannot explain how free gas passes through the RHSZ to the 

seafloor since it commonly predicts the depth of hydrate stability to be below the seafloor 

[Hornbach et al., 2005; Ruppel et al., 2005; Smith et al., 2011]. 

 

An alternative mechanism for heat and salt generation at vents is hydrate 

solidification. In this model, salt is elevated via the exclusion of salt during hydrate 

formation [Tréhu et al., 2004], and latent heat is released [Cathles and Chen, 2004].  The 

majority of numerical models describing this process assume that methane is only 

transported in the dissolved phase [Buffett and Zatsepina, 2000; Davie and Buffett, 2001; 

Hyndman and Davis, 1992; Xu and Ruppel, 1999]. In these models, hydrate-formation 

rates are very slow, and thus, hydrate formation will not significantly perturb pressure, 

temperature, and salinity conditions within the system [Liu and Flemings, 2007; Xu and 

Ruppel, 1999]. These models are appropriate for settings in which the gas flux is low 

compared to the water flux and in which there is no free gas in the RHSZ.  

 

These models, however, are not applicable to settings such as: GoM vents 

[Cathles and Chen, 2004; MacDonald et al., 2003], Hydrate Ridge [Tréhu et al., 2004], 

Blake Ridge [C K Paull et al., 1995], or the Black Sea [Kessler et al., 2006], where free 

gas actively vents through the hydrate stability zone. To model these sites of high free-

gas flux, Liu and Flemings [2006; 2007] present a model in which free gas combines with 

water to form hydrate. In this model, hydrate-formation rates are sufficiently high to 

generate hyper-saline pore water that shifts the three-phase hydrate stability boundary to 

the seafloor, permitting free-gas expulsion [Liu and Flemings, 2006; 2007]. Daigle and 

Dugan [2010] extend this model to account for the fracture generation that is common for 
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multiphase flow [Jain and Juanes, 2009].  These models offer a comprehensive 

explanation for the enigmatic coexistence of elevated salinities, high hydrate saturations, 

free-gas expulsion at the seafloor, and chimney-like features within the RHSZ; however, 

they do not account for the heat added by hydrate formation, which is a significant 

fraction of background heat flow [Cathles and Chen, 2004; Liu and Flemings, 2006]. 

 

Here I explore the hypothesis that hydrate formation generates warm, saline pore 

water that shifts the three-phase stability boundary to the seafloor. I first present an 

equilibrium model to describe how high salinities and temperatures can extend the three-

phase zone from the base of the RHSZ to the seafloor. I then use the same dynamic 

multiphase-flow model of hydrate formation developed by Liu and Flemings [2007], 

except that I consider heat released during hydrate solidification. I simulate temperature, 

salinity, gas-saturation, and hydrate-saturation profiles during the upward migration of 

gas. The model predicts salinity profiles that are different from those simulated by deep 

advection. The temperature gradients produced by the model are similar to those 

predicted by deep advection.  
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Table 3.1: Nomenclature.   

Symbol Name Dimension* 
C Salinity dimensionless 
cb,h,s,w Heat capacity (bulk, hydrate, sediment, water) L2 t-2 T-1 
Ceq Equilibrium salinity at depth z dimensionless 
Ci Initial salinity dimensionless 
Ds Diffusion coefficient of salt dimensionless 
L Latent heat L2 t-2 
P Pressure M t-2 L-1 
qe Heat flux M L2 t-3  
Sg Gas saturation dimensionless 
Sh Hydrate saturation dimensionless 
T Temperature T 
t Time T 
z Depth L 
ρb,h,s,w Density (bulk, hydrate, sediment, water)  M L-3 
ϕ Porosity dimensionless 
 

*T=temperature; M=mass; t=time; L=length 
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2. EQUILIBRIUM MODELS 

I model pressure and temperature conditions similar to those at the Ursa vent at 

lease blocks MC852/853 in the northern Gulf of Mexico. The vent is 1070 meters below 

sea level (mbsl). Seafloor temperature is ~5 oC, and the background geothermal gradient 

is 25 oC km-1 [Ruppel et al., 2005]. I assume that the sediment column is hydrostatically 

pressured, that methane is the only natural gas present, and that pore water initially has 

seawater salinity (3.5%).  Under these conditions, the base of the RHSZ is ~ 440 meters 

below seafloor (mbsf).  

 

2.1 Hydrate formation and salinity increase 

I initially follow the approach taken by Liu and Flemings [2006] and develop an 

equilibrium model for hydrate formation, in which volume expansion of hydrate 

solidification, chemical diffusion, transport of the liquid phase, and latent heat of hydrate 

crystallization are ignored. In this model, as gas enters the base of the RHSZ, hydrate 

forms and pore-water salinity increases until free gas coexists with hydrate. With time, 

this three-phase reaction front propagates toward the seafloor.  

 

The salinity necessary to shift the region of three-phase hydrate stability upward 

from the base of the RHSZ is calculated using the liquid-hydrate (L+H) and liquid-gas 

(L+G) methane solubility curves [Duan et al., 1992; Henry et al., 1999] (Fig. 3.1a). If 

there is no hydrate originally and there is no lateral diffusion of salt, then mass 

conservation allows me to express hydrate saturation (Sh) with depth (z) as: 
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   zC

C
zS

eq

i
h 1  

(3.1)

where Ceq is the equilibrium salinity at a given depth and Ci is seawater salinity (3.5%) 

(Fig. 3.1b).  
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Figure 3.1. Salinity and hydrate saturation associated with steady-state flow for 3-
phase hydrate stability.   

a,   Plot shows steady-state salinity profile for sustained vertical gas flow. The exclusion 

of salt during hydrate formation creates a salinity front that propagates toward the 

seafloor with time.   b,  Correlative hydrate saturation vs. depth profile  for propagating 

salinity front from part a.  
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2.2 Hydrate formation and temperature increase 

During hydrate formation, latent heat will be released as hydrate crystallizes 

[Cathles and Chen, 2004; Liu and Flemings, 2006]. For the simulated hydrate saturations 

in Fig. 3.1b, I calculate the resulting temperature change (ΔT): 

 

bb

hh

c

SL
T


 

  
(3.2)

where L is the latent heat of hydrate crystallization (421 kJ kg-1) [Cathles and Chen, 

2004], ϕ is porosity (0.5), ρh is hydrate density (912 kg m-3), and ΔSh is change in hydrate 

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

 
)1)(()()1( hwhhsb SS    (3.3)

 

)1)(()()1( hwhhsb SccScc  
 

(3.4)

where ρs and ρw are densities of sediment (2650 kg m-3) and water (1035 kg m-3), and cs, 

cw, and ch are heat capacities of sediment (1381 J K-1 kg-1), water (4200 J K-1 kg-1), and 

hydrate (2100 J K-1 kg-1). Substituting equations 3.3 and 3.4 into equation 3.2 and 

integrating equation 3.2, temperature change increases linearly with hydrate saturation 

(Fig. 3.2b).  
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Figure 3.2. Hydrate saturation and temperature change associated with steady-state 
flow for 3-phase hydrate stability.   

a,   Plot shows steady-state hydrate-saturation profile for sustained vertical gas flow. 

Simulation is the same as in Fig. 3.1b.  b,  Assuming a perfectly insulated system,  figure 

shows the temperature change resulting from the release of heat during hydrate 

crystallization for hydrate saturations shown in part a. Temperature change is in excess 

of  temperature change due to the geothermal gradient.  
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2.3 Hydrate formation with salinity and temperature increase 

Next, I use the L+H and L+G methane solubility curves [Duan et al., 1992; Henry 

et al., 1999] and equations 3.1, 3.2, and 3.3 to simulate hydrate saturation, salinity, and 

temperature if heat and salt are simultaneously generated during hydrate formation. In 

this equilibrium model, significantly less hydrate needs to form to shift the three-phase-

stability zone to the seafloor (Fig. 3.3a). This model also results in less significant 

changes in salinity and temperature as the three-phase reaction front propagates vertically 

(Fig. 3.3b,c). 

 

The two equilibrium models conceptually explain the enigmatic coexistence of 

high salinities, elevated temperatures, hydrate formation, and free-gas expulsion at vents. 

If hydrate formation elevates only salinity as in Liu and Flemings [2006] and temperature 

follows the geothermal gradient (25 oC km-1), then hydrate saturations reach ~77% and 

salinities ~15% at the seafloor (Figs. 3.1, 3.2, 3.4). If latent heat is considered, then 

hydrate saturations equal ~18% and salinities ~4.3% at the seafloor. Seafloor temperature 

is ~12.3 oC which is 7.3 oC greater than the initial seafloor temperature (5 oC) (Fig. 3.4). 

This second model is an end-member model of perfect insulation.  
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Figure 3.3. Hydrate saturation, temperature, and salinity associated with steady-
state flow for 3-phase hydrate stability.   

a,   Plot shows steady-state hydrate-saturation profile for sustained vertical gas flow. b,  

Temperature change resulting from the release of heat during hydrate crystallization for 

saturations shown in part a.  c, Salinities generated via the exclusion of salt for hydrate 

saturations shown in part a.  
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Figure 3.4. Two equilibrium models for venting.   

Hydrate stability pressure-temperature phase diagrams for salinities of 3.5%  (solid 

black), 4.3%, (dotted black), and 15% (dotted black). Pressure is converted to depth 

assuming a hydrostatic  pressure gradient (~10.15 MPa km-1). Black arrows show 

displacement of the phase boundary when salinity increases. If latent heat is not 

considered (L=0) (Figs. 3.1, 3.2), then salinity increases from 3.5% to 15% and the 

temperature gradient  (blue) follows the geothermal gradient (25 oC km-1). If it is 

considered (L=421 kJ kg-1) (Fig. 3.3), then salinity increases from 3.5% to 4.3%, and the 

temperature gradient  (red) is significantly steeper. 
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3. DYNAMIC MULTIPHASE FLOW MODEL OF HYDRATE FORMATION 

I extend the conceptual equilibrium models from part 2 with a one-dimensional 

multicomponent, multiphase, fluid- and heat-flow model developed by Liu and Flemings 

[2007].  Again, I model pressure and temperature conditions similar to those at the Ursa 

vent at lease blocks MC852/853 in the northern GoM. First, I simulate temperature, 

salinity, free-gas saturations, and hydrate saturations in a hydrate reservoir if latent heat is 

ignored (L=0).  I then simulate each of these variables in a hydrate reservoir where latent 

heat is accounted for (L=421 kJ kg-1).  

 

I run the two simulations assuming a constant-temperature boundary condition at 

the seafloor (5 oC). The temperature at the base of the model column (440 mbsf) is 16 oC 

based on a background geothermal gradient of 25 oC km-1 [Ruppel et al., 2005]. I 

prescribe a constant basal gas flux of 1 kg m-2 yr-1. I assume an initial porosity and 

permeability of 0.5 and 10-12 m2, respectively. Salinity is constant (3.5%) throughout the 

model column at the start of each simulation. Table 3.2 contains the remainder of 

physical parameters and their sources.  
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Table 3.2: Physical parameters used for simulations.  

Symbol  Parameter Value [Unit] Reference 
ch  Heat capacity of hydrate 2100  [J K-1 kg-1] [Liu and Flemings, 2007] 
Ci  Seawater salinity 3.5 [wt.%]  
cg  Heat capacity of methane gas 3500  [J K-1 kg-1] [Liu and Flemings, 2007] 
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] 
Dm  Diffusion coefficient of 

methane 
10-9 [m2 s-1] [Davie and Buffett, 2001] 

Ds  Diffusion coefficient of salt 10-9 [m2 s-1] [Davie and Buffett, 2001] 
dT dz-1  Geothermal gradient  25 [ºC km-1] [Ruppel et al., 2005; Winters et al., 

2007] 
g  Gravitational acceleration 9.81 [m s-2]  
k  Permeability in absence of 

hydrate 
10-12 [m2] [Liu and Flemings, 2007] 

L  Latent heat of hydrate 
crystallizations 

421 [kJ kg-1] [Cathles and Chen, 2004] 

ng  Corey exponent (gas) 2 [Bear, 1972] 
nw  Corey exponent (water) 4 [Bear, 1972] 
qg  Basal gas flux 1 [kg m-2 yr-1] This study 
qg  Basal water flux 0 [kg m-2 yr-1] This study 
Srg  Irreducible gas saturation 0.02 [Bear, 1972] 
Srw  Irreducible water saturation 0.1 [Bear, 1972] 
TL  Temperature at base of model 16 [ºC] From TU and dT dz-1 
TU  Temperature at seafloor 5 [ºC]  [Ruppel et al., 2005; Winters et al., 

2007] 
zo  Depth below sea level  1070 [m] This study 
λg  Thermal conductivity of 

methane 
0.03 [W m-1 K-1] [Sloan, 1998] 

λh  Thermal conductivity of 
hydrate 

0.5 [W m-1 K-1] [Sloan, 1998] 

λs  Thermal conductivity of grains 1.6 [W m-1 K-1] [Class et al., 2002] 
λw  Thermal conductivity of water 0.6 [W m-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 [kg m-3] [Sloan, 1998] 
ρs  Density of grains 2650 [kg m-3]  
ρw  Density of water T- and salinity-

dependent 
[Duan et al., 1992] 

ϕ  Porosity in absence of hydrate 0.50  
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3.1 Case 1: Hydrate solidification model without latent heat  

In this simulation, latent heat of hydrate crystallization is ignored. As dissolved 

gas (1 kg m-2 yr-1) fluxes into the model column, its saturation exceeds its solubility, and 

free gas bubbles form. This free gas migrates into the RHSZ and combines with water to 

form hydrate. A three-phase zone develops within the RHSZ, in which free gas, dissolved 

methane, and hydrate coexist (Fig. 3.5). With time, this zone propagates vertically 

through the RHSZ to the seafloor (Fig. 3.5). After ~22.5 kyr, the three-phase reaction 

front breaches the seafloor. Within the RHSZ, hydrate saturations increase from 0 to 

0.83, and salinity increases from ~3.5% to ~15% just below the seafloor.  

 

Elevated salinities in the RHSZ are created by hydrate formation. As free gas 

combines with water to form hydrate, salt is excluded, resulting in the generation of 

saline pore water. Hydrate formation continues until pore water is too saline for further 

hydrate formation. This process self-generates a three-phase-equilibrium front through 

the RHSZ. The geothermal gradient (25 oC km-1) creates colder temperatures closer to the 

seafloor, therefore pore water needs to be successively saltier at shallower depths in order 

to create three-phase stability. This results in an upward increase in salinity and hydrate 

saturation (Fig. 3.5).  

 

Once the reaction front breaches the seafloor (~22.5 kyr), the system reaches a 

pseudo-steady state. Near the seafloor, salinity diffuses vertically into the overlying water 

column due to the sharp concentration gradient. This diffusion of salt shifts 

thermodynamic conditions and allows for further hydrate formation, creating the hydrate 

spike just below the seafloor (Fig. 3.5). Hydrate saturations at this spike will continue to 

increase until all the sediment pore space has been filled with hydrate (Fig 3.5).  At 
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deeper depths in the water column, high salinities throughout the RHSZ create a density 

contrast that causes the hypersaline water to sink (Fig. 3.7). This downward flow of 

saline water produces salinities greater than the value necessary for three-phase 

equilibrium at the base of the model (Fig. 3.6a). This downward water flux also causes 

hydrate to melt at the base of the model, causing hydrate saturations to decrease with time 

(Fig. 3.6b).  

 

There is significant variability in water and gas flux as a function of depth and 

time in the system (Fig. 3.7).  As the reaction front advances toward the seafloor, an 

upward water flux develops ahead of the reaction front due to volume expansion during 

hydrate formation (Fig 3.7a). An upward gas flux is present immediately beneath the 

reaction front due to the basal gas flux (1 kg m-2 yr-1).  Once the reaction front breaches 

the seafloor, free and dissolved methane are continually vented from the RHSZ to the 

seafloor at a rate slightly > 1 kg m-2 yr-1 (Fig. 3.7a). This flux is greater than the basal 

heat flux of 1 kg m-2 yr-1 because hydrate is melting near the base of the model as a result 

of the downward flow of dense, saline water (Fig. 3.6b).  
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Figure 3.5. Model simulations at different time steps for L=0.    

Plots showing temporal evolution of temperature (T), salinity (C), gas saturation (Sg), 

hydrate saturation (Sh), and methane concentration at 5 (blue), 10 (green), 15 (red), and 

22.5 (black) kyr.  Solid lines are simulated profiles from the dynamic multiphase-flow 

model, and dotted black lines are profiles from the equilibrium model. At ~22.5 kyr, the 

reaction front reaches the seafloor. Therafter, free gas vents from the seafloor.  The  

hydrate saturations predicted by the equilibrium model are less than those simulated by 

the dynamic model. This is because the equilibrium model assumes a closed system, 

whereas the dynamic model allows for vertical diffusion of salt out of the system. 
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Figure 3.6. Evolution of salinity and hydrate saturation at base of model column 
after breaching.    

a,  Plot showing changes in salinity from 15 kyr (lightest gray) to 22.5 kyr (black). After 

breaching occurs, salty water sinks from the top of the model column. This process 

creates salinities that are greater than those required for three-phase equilibrium 

between 1490 and 1510 mbsl. b, Hydrate saturation decreases with time at the base of 

the model (1480-1510 mbsl) and increases with time between ~1430-1480 mbsl.  Hydrate 

saturation decreases at the model base due  hydrate melting from the downward flow of 

hypersaline water.  
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Figure 3.7. Water and gas flux as a function of depth and time for Case 1.    

a, b, Plots show water (a) and gas (b) flux as a function of depth and time.   Fluxes vs. 

depth are correlative with simulations in Fig. 3.5. Flux is calculated using the finite 

difference code from Liu and Flemings [2007]. Fluxes are calculated every 20 m  (block 

spacing) at block interfaces instead of at block centers.  For this reason, flux is not 

calculated at the seafloor (1070 mbsl) , but 10 meters below seafloor (1080 mbsl).  Gas 

fluxes are cumulative advective and diffusive methane fluxes.   
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3.2 Case 2: Hydrate solidification model with latent heat  

This simulation is identical to Case 1 except that I consider latent heat of hydrate 

crystallization. As in Case 1, free gas flows into the RHSZ and combines with water to 

form hydrate. As hydrate forms, salt is excluded and heat is released, resulting in the 

generation of a warm, saline brine. With time, hydrate formation develops a zone of 

three-phase stability within the RHSZ that propagates toward the seafloor (Fig. 3.8).  The 

reaction front breaches the seafloor after ~8.3 kyr, which is significantly faster than Case 

1 (~22.5 kyr). This difference in propagation rates is due to the significant amount of heat 

released (421 kJ kg-1) during hydrate formation.  

  

 Initially, the simulated temperatures, salinities, and hydrate saturations from the 

dynamic model follow those predicted by the equilibrium model (Fig. 3.8).  The 

temperature gradient develops a pronounced concave-down shape, and salinity is 

elevated slightly above seawater concentrations (Fig. 3.8). But as the reaction front 

advances further toward the seafloor, a large temperature gradient (~110 oC km-1) 

develops between the reaction front and the overlying colder sediments (Fig 3.8). This 

temperature gradient creates a significant heat flux that draws heat away from the 

advancing front. As a result, a hydrate and correlative salinity spike develop between 

1100 and 1200 mbsl (Fig. 3.8).  

 

The three-phase front breaches the seafloor at ~8.3 kyr. A large salinity gradient 

develops immediately below the seafloor, and the simulated temperature gradient 

becomes less concave-down over time (Fig. 3.8). Gas is fluxed from the base of RHSZ to 

the seafloor (Fig. 3.9). Eventually, the system approaches conditions that are similar to 

those in Case 1 where latent heat is ignored.  
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After breaching occurs, the rate of continued hydrate formation is limited by the 

rate at which salt and heat diffuse out of the system. Salt diffusivity (~10-9 m2 s-1) is 

significantly smaller than thermal diffusivity (~10-6 m2 s-1), thus salt will be removed 

from the system more slowly than heat. Therefore, further hydrate formation will be 

qualified by the rate at which salt diffuses at the seafloor. 

 

 For a cell block that is z-meters thick and 1-meter wide, the salinity of the cell 

will be maintained at the equilibrium salinity (Ceq), thus the total amount of salt in the 

cell at time t is:  

 
))(1( tSzC heq 

,
 (3.5)

The amount of salt loss by diffusion from this cell from t to t+dt can be calculated using 

Fick’s Law:  

 

dt
z

CiCeq
Ds



,
 

(3.6)

where Ds is the diffusion coefficient of salt. At time t+dt, the total amount of salt in the 

cell is:  

 
))()(1( dtStSzC hheq 

,
 (3.7)

Finally, consider a salt mass balance which equates equation 3.7 with the sum of 

equations 3.5 and 3.6: 
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which simplifies to:  
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(3.9)

For Case 2 of the model with a cell-block thickness of 20 m, the salinity gradient 

at the seafloor is ~ 0.51 wt% m-1 at 12 kyr. The resulting salt flux from the seafloor due 

to diffusion is 2.55x10-9 kg m-2 s-1 if Ds = 10-9 m2 s-1. The change in hydrate saturation as 

a function of time based on the flux of salt out of the system is ~1.9x10-12 s-1 (equation 

3.9). The resulting heat flux (qe) from this change in hydrate saturation can then be 

calculated using:  

 

hhe LdtSq )(
,
 (3.10)

where L is latent heat of hydrate crystallization (421 kJ kg-1), ϕ is porosity (0.5), and ρh is 

density of gas hydrate (920 kg m-3). The change in hydrate saturation (ΔSh, 1.9x10-12 s-1) 

needed to maintain three-phase equilibrium will produce a heat flux of 0.36 mW m-2 at 

the seafloor. By conduction (qe = k (dt dz-1)), a temperature gradient of 0.37 oC km-1 will 

result for the average simulated thermal conductivity of 0.97 W m-1 K-1. This gradient is 

~172x less than the thermal gradient simulated by the model in the first 20 mbsf at 12 kyr 

(64 oC km-1) (Fig. 3.8).  
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Ultimately, the flux of salt and heat from the seafloor will depend on the grid 

spacing of the finite-difference code.  Smaller grid spacing will drive more rapid 

diffusion and thus hydrate crystallization near the seafloor. Future work must explore 

how heat and salt fluxes change as function of the cell size used in the model.   
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Figure 3.8. Model simulations at different time steps for L=421 kJ kg-1.    

Plots showing evolution of temperature (T), salinity (C), gas saturation (Sg), hydrate 

saturation (Sh), and methane concentration at 5 (blue), 7.5 (green), 10 (red), and 12.5 

(black) kyr.  Solid lines are simulated profiles from the dynamic multiphase flow model, 

and dotted black lines are profiles from the equilibrium model. At first, simulated 

salinities, temperatures, and hydrate saturations from the dynamic model show good 

agreement with the equilibrium model.  But once the reaction front extends closer to the 

seafloor (<1200 mbsl), the simulated profiles begin to deviate from the equilibrium 

model.  The reaction front breaches the seafloor at ~8.3 kyr. 
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Figure 3.9. Water and gas flux as a function of depth and time for Case 2.    

a, b, Plots show water (a) and gas (b) flux as a function of depth and time for Case 2. 

Plots are correlative with simulations in figure 3.8.  
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4. CONCLUSIONS 

I have presented a model that describes how elevated salinities, high 

temperatures, gas hydrate, and free gas can coexist at deepwater vents such as the Ursa 

vent in the GoM. The model extends previous work by Liu and Flemings [2006; 2007] by 

considering the effects of latent heat of hydrate crystallization. The model shows latent 

heat is initially important in propagating the reaction front to the seafloor. But after ~5 

kyr, the temperature front created by hydrate formation is readily removed via 

conduction.  Once the three-phase reaction front breaks through the seafloor, a pseudo-

steady state is reached. Further hydrate formation is limited by the rate at which salt 

diffuses out of the system. This continued hydrate formation sustains a constant flow of 

salt and heat from the seafloor. The hydrate-solidification model in this chapter simulates 

a salinity profile that is distinct from that which is simulated by deep advection in 

Chapter 2. The temperature gradients simulated by hydrate solidification are similar to 

those predicted by the deep-advection model. Future work should explore hydrate 

solidification and deep advection as coupled heat- and salt-generating processes at vents. 
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Appendix: TRANSPORT AND MULTIPHASE-FLOW MODELS 

ABSTRACT 

In Chapter 2, I present only analytical solutions to my advection-diffusion and 

multiphase-flow models. Here I provide a more robust explanation of the physics behind 

these equations and the assumptions that went into the models. I derive equations 2.2, 

2.3, and 2.4 from Chapter 2. Tables A2-A4 contain parameter values for the models, 

including their references. Table A1 defines the variables that I use. 

A1. ASSUMPTIONS 

For my models, I make the following simplifying assumptions. (1) The system is 

in steady state. (2) Heat and salt transport are one-dimensional. (3) Gas and water flow 

are described by Darcy’s Law in a porous media. (4) Methane is the only gas, and water 

is the only liquid, and neither methane nor water change phase. (5) Methane and water 

are incompressible, and their heat capacities and viscosities do not change over the flow-

path length (i.e. with pressure or temperature). (6) Salt is only transported by water. (7) 

Permeability and porosity are constant with depth. (8) Pressure drop is negligible in z-

direction for material parameters (P ~ Po, but dP dz-10).   

A2. SOLUTE-TRANSPORT MODEL 

I model chloride anomalies using the solute-transport problem of steady flow 

between constant-concentration boundaries (assumptions 1, 2). Chloride is transported by 

chemical diffusion and advection via water (assumption 6): 
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(A1)

where C is Cl- concentration, z is depth, qw is water flux, and D is the diffusion 

coefficient scaled for diffusion in a porous media [Domenico and Schwartz, 1990; Li and  
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Table A1: Nomenclature.   

Symbol Name Dimension* 
A Cross-sectional area of the flow path L2 
B Péclet number Dimensionless 
C Chloride concentration M L-3 
cpw Heat capacity (water) L2 t-2 T-1 
cpg Heat capacity (gas) L2 t-2 T-1 
D Diffusion coefficient L2 t-1 
Ekg Energy density (gas) M L-1 t-2 
Ekw Energy density (water) M L-1 t-2 
ez Energy flux M t-3 
g Acceleration due to gravity L t-2 

Ĥg Specific enthalpy (gas) L2 t-2 

wĤ  Specific enthalpy (water) L2 t-2 

k Permeability L2 
krg Relative permeability of gas Dimensionless 
krw Relative permeability of water Dimensionless 
L Flow-path length L 
P Pressure M t-2 L-1 
Pcgw Gas-water capillary pressure M L-1 t-2 
Pg Gas-phase pressure M L-1 t-2 
Pw Water-phase pressure M L-1 t-2 
P*

w Overpressure M L-1 t-2 
qc Heat flux (conduction) M t-3 
qg Gas flux L3 L-2 t-1 
Qg Volumetric gas flow rate L3 T-1 
qw  Water flux L3 L-2 t-1 
r Control volume radius L 
Srg Irreducible gas saturation Dimensionless 
Srw Irreducible water saturation Dimensionless 
Sw Water saturation Dimensionless 
T Temperature T 
TL Temperature at source depth  T 
TU Temperature at seafloor T 
z Depth L 
λ Bulk thermal conductivity  M L t-3 T-1 
μg Gas viscosity M L-1 t-1 
μw Water viscosity M L-1 t-1 
ρg Gas density  M L-3 
ρw Water density M L-3 
Φg Gas-phase potential  M L-2 t-2

 
*T=temperature; M=mass; t=time; L=length 
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Gregory, 1974]. Since I do not have constraints on porosity to 1500 m depth beneath the 

vent, I adopt the same average scaled diffusion coefficient (2.5x10-10 m2 s-1) as Dugan 

and Flemings [2000], who modeled Cl- porewater concentrations in the New Jersey 

continental slope over a similar length scale. I solve for the Cl- concentration profile over 

the flow-path length (L), which I constrain to be 1500 m using Fig. 2.2b.  

A2A. Analytical solution for constant-concentration boundary conditions 

I apply an analytical solution to equation A1 by choosing constant-concentration 

boundary conditions over the flow-path length (L). The characteristic equation of 

equation A1 is: 

 

02  r
D

q
r w . (A2)

The roots of this equation are r1 = 0 and r2 = qw D-1. The guess equation is: 

 
zrzr eCeCzC 21

21)(  . (A3)

Substituting r1 and r2, equation A3 simplifies to the general solution:  
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Choosing constant-concentration boundary conditions at the seafloor (z=0) (CU) and 

source depth (z=L) (CL). 
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then solving for C(z) at z=0:  
0

21
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q

U

w

eCCC 
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(A7)

and solving C(z) at z=L: 

Substituting equation A8 into equation A9 and solving for C2: 

Substituting equation A10 into equation A8 and solving for C1: 

Substituting equations A10 and A11 into the general solution (equation A1.4):  

which simplifies to the final analytical solution (equation 2.1) presented in Chapter 2: 

Table A3 shows parameter values for the solute-transport model. 
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Table A2: Parameter values for solute-transport model.  

Parameter Symbol Value [Unit] Reference 
Water flux qw 3 [cm yr-1] This study 
Scaled diffusion coefficient D 2.5 x 10-10 [m2 s-1]  [Domenico and Schwartz, 

1990; Dugan and Flemings, 
2000; Li and Gregory, 1974] 

Cl- at vent surface (z=0) CU 550 [mM] Concentration in seawater 
Cl- at source depth (z=L) CL 2600 [mM] Approximately highest 

observed [Paull et al., 2005; 
C.  Ruppel et al., 2005] 

Length of the model column L 1500 [m] Fig. 2.2b 

 
  



 64

A3. MULTIPHASE HEAT-TRANSPORT MODEL 

I model elevated temperature gradients with steady, vertical groundwater flow 

between constant-temperature boundaries (assumptions 1, 2).  Writing an energy balance 

for steady-state heating:  

 

2r2ez z
 2r2ez zz

 0, (A14)

where ez is the total energy flux transferred in/out of the control volume in the z-direction 

(assumption 2, Fig. A1):  

 

    cwwkwwggkggz qHEqHEqe  ˆˆ  ,  (A15)

where the first two terms are heat flow via convection in the gas and water phases, 

respectively (assumption 4). Ekg and Ekw are energy densities, and Ĥgand Ĥw are specific 

enthalpies of gas and water. qg and qw are the gas and water fluxes, and ρg and ρw are the 

densities of gas and water. The third term is heat flow via conduction and is equivalent to 

Fourier’s Law:  

 

qc  
dT

dz
, (A16)

where λ is bulk thermal conductivity and T is temperature. Substituting equations A15 

and A16 into equation A14 and dividing by the control volume (2πr2Δz) to express in 

differential form: 
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Figure A1. Control volume.  

Control volume used for multiphase-heat transport model.   
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For an incompressible fluid with constant cp (assumption 5): 
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where P is pressure. Substituting equation A18 into equation A17:  
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Since qw and qg is constant (assumption 1), Ekw = 
ଵ

ଶ
 ρwqw

2 is constant; Ekg = 
ଵ

ଶ
 ρgqg

2 is 

constant (assumptions 1, 5); λ is constant (assumption 7); P ~ Po (assumption 8), then 

equation A19 is reduced to:  
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which simplifies further to:  
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A3A. Analytical solution for constant-temperature boundary conditions 

Here, I apply an analytical solution to equation A21 by selecting constant-

temperature boundary conditions at the seafloor (TU) and source depth (TL) [Bredehoeft 

and Papaopulos, 1965]. The characteristic equation of equation A21 is: 
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The roots of this equation are r1 = 0 and r2 = (qwρwcpw+qgρgcpg) λ
-1. The guess equation is: 
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Substituting r1 and r2, equation A23 simplifies to the general solution:  
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Choosing constant-temperature boundary conditions at the seafloor (z=0) (TU) and source 

depth (z=L) (TL). 
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then solving for T(z) at z=0:  
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and solving T(z) at z=L: 

 

Substituting equation A28 into equation A29 and solving for T2: 
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Substituting equation A30 into equation A28 and solving for T1: 

Substituting equations A30 and A31 into the general solution (equation A24):  

which simplifies to the final analytical solution (equation 2.2) presented in Chapter 2: 

Parameter values for the heat-flow model are in Table A3. 
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Table A3: Parameter values for multiphase heat-transport model.  

Parameter Symbol Value [Unit] Reference 
Water flux qw 3 [cm yr-1] This study 
Gas flux qg 90 [cm yr-1]  This study 
Volumetric heat capacity of seawater  ρwcpw 4.0x106 [J m-3 K-1] [Fofonoff, 1985] 
Volumetric heat capacity of methane (T ~ 
5 ºC, P ~ 10 MPa) 

ρgcpg 2.8x105 [J m-3 K-1] [Stetzmann and 
Wagner, 1991] 

Volumetric heat capacity of oil (T ~ 5 ºC, 
P ~ 10 MPa) 

ρocpo 1.2x106 [J m-3 K-1] Estimated [Waples 
and Waples, 2004] 

Bulk thermal conductivity  λ 1.0 [J m-1 K-1 s-1] Estimated [C.  
Ruppel et al., 2005; 
Winters et al., 
2007] 

Temperature of bottom water (z=0) TU 5 ºC Estimated [C. 
Ruppel et al., 2005; 
Winters et al., 
2007] 

Temperature at source depth (z=L) TL 42.5 ºC Calculated from Tu, 
dT/dz, and L 

Length of the model column L 1500 [m] Fig. 2.2b 
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A3B. Analytical solution for constant-flux/constant-temperature boundary 
conditions 

In this thesis, I do not use an analytical solution that has a constant heat-flux 

boundary condition. This solution, however, is widely used in groundwater-flow 

problems [e.g. Harris and Chapman, 1995; Smith et al., 2011], and I present it here. I 

apply an analytical solution to equation A21 by selecting a constant-temperature 

boundary condition at the seafloor (TU) and a constant heat-flux boundary condition at the 

source depth (ΓL). I define B as the Péclet number:  
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Thus, equation A21 simplifies to: 
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And the characteristic equation is: 
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The roots of this equation are r1 = 0 and r2 = B L-1. The guess equation is: 
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Substituting r1 and r2, equation A37 simplifies to the general solution:  
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Choosing a constant-temperature boundary condition at the seafloor (z=0) (TU) and 

constant heat-flux boundary condition at the source depth (z=L) (ΓL). 

UTT )0( , (A39)

then solving the general solution at z=0:  

LL
dz

dT
)( , (A40)
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Taking the derivative of the general solution: 

and substituting ΓL for dT dz-1 and L for z: 

I find:  

Substituting equation A44 into equation A41 and solving for T1.  

then, substituting equations A44 and A45 into the general solution: 

Finally, I can simplify to the analytical solution from Harris and Chapman [1995]:  

A4. MULTIPHASE-FLOW MODEL 

I begin with a one-dimensional steady-state incompressible flow equation 

(assumptions 1, 5) for a system that is governed by Darcy’s Law (assumption 3): 
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. (A41)

L

Bz

eT
L

B

dz

dT
2

, 
(A42)

B
L eT

L

B
2

, 
(A43)

BL e
B

L
T 

2
. 

(A44)

BL
U e

B

L
TT 

1 ,
 

(A45)

z
L

B

B
LBL

U e
Be

L
e

B

L
TzT





 )( .

 
(A46)

B

z
L

B

L
U e

e

B

L
TzT

1
)(


 .

 

(A47)



 72
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where Qg is the volumetric gas flow rate, A is the cross-sectional area of the flow 

path, krg is the relative permeability of gas, k is the intrinsic permeability, μg is methane 

viscosity, and Φg is gas potential. The gas formation factor is not included in this 

derivation because I assume gas is incompressible at high pressures (assumption 5), and 

thus assume it is equal to 1. The gas-phase potential (Φg) is defined as:  

 

gzP ggg 
, (A49)

where Pg is the gas-phase pressure, ρg is the density of gas, g is the acceleration due to 

gravity, and z is depth. I define the gas-water capillary pressure (Pcgw) for a water-wet 

system as:  

 

wgcgw PPP  , (A50)

where Pw is the water-phase pressure. Substituting equation A50 into equation A49, I 

write the gas phase potential (Φg) as:  

 

gzPP gcgwwg  , (A51)

and the derivative of Φg along the flow path becomes:  
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. (A52)

For an incompressible system and constant flow (assumptions 1, 5), gas saturation (Sg) in 

the fault zone is constant. Therefore Pcgw is constant and dPcgw dz-1 is zero. Equation A52 

simplifies to: 
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Substituting equation A53 into equation A48, I have a general one-dimensional 

incompressible flow equation for the flow path:  
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In an overpressured system, 
dPw

dz
 dPw

*

dz
 wg, and I can rewrite equation A54 as:  
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Defining qg  = Qg A
-1, equation A55 can be rewritten:  
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The flow of water (qw) is described by Darcy’s Law (assumption 3) and is driven by the 

overpressure gradient of water: 
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where μw is water viscosity, and krw is the relative permeability of water. Relative 

permeability (krw, krg) describes the effective permeability of a given phase and is related 

to water saturation (Sw) by using Corey’s model [Bear, 1972] (Fig. A2): 
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(A59)

where Srw and Srg are irreducible (i.e. minimal) water and gas saturation which are 0.1 

and 0.02 for a gas-hydrate system [Yousif et al., 1991].  Substituting equation A58 into 

equation A57, and equation A59 into equation A56, I get equations 2.3 and 2.4 from 

Chapter 2. Table A4 lists parameter values for the multiphase-flow model. 
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Figure A2. Relative permeability profiles. 

Profiles plot the effective permeabilities of gas (dotted) and water (solid) for a given 

water saturation.   
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Table A4: Parameter values for multiphase-flow model.   

Parameter Symbol Value [Unit] Reference 
Water flux qw 3 [cm yr-1] This study 
Gas flux qg 90 [cm yr-1]  This study 
Water viscosity μw 1.1 x 10-3  [Pa s]  [Cox et al., 1970] 
Methane viscosity μg 1.4 x 10-5 [Pa s] [Hanley et al., 1977] 
Water density ρw 1035 [kg m-3] [Cox et al., 1970] 
Methane density ρg 125  [kg m-3] [Stetzmann and Wagner, 1991] 
Oil density ρo 600  [kg m-3] Estimated in this study 
Water relative permeability krw Dependent on water 

saturation (Sw) 
[Bear, 1972] 

Gas relative permeability krg Dependent on water 
saturation (Sw) 

[Bear, 1972] 

Permeability k Fig. 2.4c [m2]  
Overpressure gradient dP*

w dz-1 Fig. 2.4c [Pa m-1]  
Acceleration due to gravity g 9.8 [m s-2]  
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