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[1] We construct a linear kinetic model of hydrate crystallization from a gas stream. We
use this model to predict the fraction of gas that crystallizes as hydrate in the subsurface of
Bush Hill, and the depth profile of subsurface hydrate accumulation. This is possible
because the Bush Hill vent is fed by reservoir gas from the nearby Jolliet field whose
composition is known. On the average, �9% of the vent gas is precipitated as hydrate in
the subsurface. Although other explanations are possible, the observed vent gas
compositions and the greater range of hydrate gas compositions are consistent with a
single source gas whose venting rate varies by a factor of at least 3 over periods of a few
years or less. The predicted depth profile of hydrate accumulation and the hydrate content
of the Bush Hill mound suggest that between �1.1 � 109 and 2.8 � 109 m3 (STP) of gas
may have accumulated as hydrate between the seafloor and �614-m depth. For the
radiometrically and geologically suggested system age of 10,000 years, the time average
venting rate is �106 m3/yr (0.7 � 106 kg/yr). If distributed evenly across the 600 m
diameter mound, as suggested by echo sounder images, the methane flux is >3.2 kg/m2 yr.
This is >103 times that inferred for hydrates associated with bottom-simulating seismic
reflectors. The subsurface hydrate accumulation and the cumulative methane venting are
related. We show how both may be estimated from measurements of vent gas composition,
bottom water temperature, and geothermal gradient. INDEX TERMS: 1055 Geochemistry:

Organic geochemistry; 4820 Oceanography: Biological and Chemical: Gases; 4825 Oceanography: Biological

and Chemical: Geochemistry; 4842 Oceanography: Biological and Chemical: Modeling; 9350 Information
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1. Introduction

[2] Gas hydrate is an ice-like crystalline mineral in which
a rigid cage of water molecules encloses hydrocarbon and
nonhydrocarbon gas molecules [Sloan, 1998]. Natural gas
hydrates occur worldwide in polar regions and in subther-
mocline oceanic environments, especially in areas of
onshore and offshore permafrost and in sediments on con-
tinental margin slopes [Kvenvolden, 1998]. The structure of
the hydrate determines the gas molecules contained. Meth-
ane, and to an extent ethane, are the main hydrocarbons
found in Structure I hydrate. Structure II hydrates typically
encage methane through butane, and sometimes encage
carbon dioxide and nitrogen. Heavier hydrocarbon mole-

cules such as isopentane are the guest molecules in Structure
H hydrate [Sloan, 1998; Sassen and MacDonald, 1994].
Structure I hydrate generally contains methane produced via
bacterial reduction of CO2 in shallow sediments at low
temperatures [Kvenvolden, 1998; Sassen et al., 1999b].
Structure II and H hydrates mainly contain thermogenic
hydrocarbon gases, and these hydrates are usually associ-
ated with thermogenic gas seeps [Sassen and MacDonald,
1994; Ginsburg and Soloviev, 1997, 1998; Collett, 1993].
[3] The Gulf of Mexico is a classic area of gas hydrate

occurrence. Hydrates have been sampled at 50 sites where
the water depth exceeds �440 m [Kennicutt et al., 1985;
MacDonald et al., 1994; Sassen and MacDonald, 1994;
Kvenvolden, 1995; Booth et al., 1996; Sassen et al., 2001a,
2001b] and all three hydrate structures have been found.
Huge amounts of methane may be trapped as hydrate in the
Gulf. Collett [1995] and Collett and Kuuskraa [1998]
estimate there is �0.89 � 1014 m3 of gas trapped as hydrate
in the Gulf of Mexico. In a more detailed analysis, Milkov
and Sassen [2001] estimate 10–14 � 1012 m3 of hydrate
gas in the northwestern Gulf of Mexico, and suggest that
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�80% is in faults at the margins of salt withdrawal mini-
basins where thermogenic gas has vented.
[4] Thermogenic seeps are in fact almost always associ-

ated with faults. Oil-related hydrocarbon gases migrate
through these faults from deeply buried petroleum source
rocks and reservoirs [Kornacki et al., 1994; Wenger et al.,
1994; Sassen et al., 1998, 2001a, 2001b]. The gas is usually
primarily thermogenic [Sassen et al., 1998, 1999a, 2000,
2001b]. Bacterial methane gas or gas from bacterial hydro-
carbon oxidation is sometimes present [Sassen et al., 1998,
1999a, 2000, 2001b; Sassen and MacDonald, 1994, 1997].
Gases from hydrate decomposition could be present [Rob-
erts, 2001; MacDonald et al., 1994], but this seems to be
limited to the outer few meters of exposed hydrate mounds
[Milkov et al., 2000].
[5] The faults that vent thermogenic hydrocarbons are

commonly located at the rims of salt withdrawal minibasins
[Sassen et al., 1999b, 2001a]. Salt migration strongly
influenced the structural style of the basin when Tertiary
siliclastic sediments deposited on the �2-km-thick Louann
salt. Basins formed when this loading caused salt to with-
draw into adjacent diapers. Faults on these margins are
particularly favorable vent sites. Vents have been found in
all stages of development. In the most active vents, gas
plumes extend from the vents to the sea surface. Complex
chemosynthetic communities and authigenic carbonate rock
(as well as gas venting and hydrate accumulation) mark the
sites of venting [Brooks et al., 1984, 1986; Kennicutt et al.,
1988; Roberts and Aharon, 1994; Roberts, 1996, 2001;
Roberts and Carney, 1997; Roberts, 2001; Sassen et al.,
2001a]. Hydrates accumulated in faults could extend to the
base of the hydrate stability field at >1 km below the ocean
floor [Milkov and Sassen, 2000] and thus volumes of hydrate
sufficient to represent gas resources could accumulate.
[6] The mix of gases trapped in thermogenic hydrocarbon

hydrates provides information on the physical and chemical
conditions that existed during their crystallization which is
not available in the biogenic, structure I hydrates that
contain only methane [Sloan, 1998; Sassen et al., 1999a,
2000, 2001a, 2001b]. This is because the abundance of
ethane, propane and isobutane will decrease relative to
methane as Structure II hydrates crystallize from thermo-
genic gas. Hydrate has a greater affinity for the heavier
gases. Still heavier molecules (e.g., isopentane) are not
affected because their diameter is too large to fit within
Structure II hydrate cages [Sloan, 1998; Sassen et al., 2000,
2001b]. The result is that the composition of vent gases can
tell us how much hydrate has precipitated in the subsurface.
[7] The hydrates and associated vent gases at the Bush

Hill site in Green Canyon Block 185 offer a natural
laboratory to study how hydrate precipitation affects gas
composition because (1) Bush Hill is a site of rapid and
ongoing gas venting [Roberts and Aharon, 1994; Sassen et
al., 1993, 1999a; Sassen and McDonald, 1994; MacDonald
et al., 1994, 2000; Roberts, 2001], (2) the gases at Bush Hill
derive from the same source as gasses in the nearby Jolliet
gas reservoirs, and (3) abundant data are available on the
Jolliet reservoir gases, the Bush Hill vent gases and the
Bush Hill hydrates.
[8] The spatial relationship of the Bush Hill vent to the

Jolliet oil and gas fields is shown in Figure 1. Gas hydrate
accumulations and chemosynthetic communities are present

at two sites as indicated by arrows. The location of the
Jolliet oil and gas reservoirs is indicated by the box in the
figure. The major growth fault system that contains
the Jolliet hydrocarbon reservoirs intersects the seafloor at
the active site of hydrocarbon discharge that lies in GC 184
[Brooks et al., 1984, 1986]. The Bush Hill vent site in GC
185 receives hydrocarbon gas from a fault that is antithetic
to the growth faults that trap Jolliet the oil and gas reservoirs
[Sassen et al., 2001a].
[9] Present-day gas venting at Bush Hill produces a

plume that is dramatically visible on echo sounder records.
In August of 2000 the echo sounder plume originated from
a 600 m interval at the seafloor centered on Bush Hill and
nearly reached the surface. Gas bubbles 2 to 3 cm in
diameter were breaching the sea surface over the site,
leaving oil slicks as they dissipated. The composition of
the vent gas at Bush Hill is consistent with stripping of C2+

hydrate-forming gases by hydrate precipitation. Since there
is no isotopic fractionation during hydrate precipitation, the
isotopic similarity of the Jolliet reservoir gases, the vent
gases, and the Bush Hill hydrates is very strong evidence
that all the gasses are from a common source [Roberts,
2001; Sassen et al., 2001a].
[10] Two features of the Bush Hill vent are particularly

important for this paper. First gases are actively and con-
tinuously venting at the present time. The venting gas is not
all precipitated as hydrate in the subsurface. It could all be
precipitated because the shallow subsurface is within the
stability field of Structure II methane hydrate. The gas
venting must therefore be rapid enough, relative to the rate
of hydrate formation, that hydrate precipitation is kinetically
inhibited and free gas can reach the surface. Second, the
sampled range in hydrate gas compositions is much larger
than that of the sampled vent gas compositions.

Figure 1. NE to SW cross section showing the location of
the Jolliet gas reservoirs, the normal faults that localize
them and cut the surface in Green Canyon Block 184, and
the antithetic fault that connects this system to the Green
Canyon Block 185 Bush Hill vent site. Arrow indicates
hypothesized gas migration filling the reservoirs and
feeding the surface vents. Reported by Sassen and
McDonald [1994, 1997] and Sassen et al. [1998, 1999a,
1999b].

EPM 7 - 2 CHEN AND CATHLES: A KINETIC MODEL FOR HYDRATE PRECIPITATION



[11] The objective of this paper is to construct a kinetic
model of gas venting and hydrate precipitation at the Bush
Hill vent and calibrate it to the observed vent, hydrate, and
reservoir compositions. The model we construct is for the
situation of kinetically controlled crystallization where a
free gas is present throughout. We show that such a model,
while quite different from other published hydrate accumu-
lation models where no free gas is present in the hydrate
stability zone [e.g., Xu and Ruppel, 1999], can explain the
observations at the Bush Hill site.

2. Development of a Kinetic Model for Hydrate
Precipitation at Bush Hill

2.1. Vent Gases and Hydrates at Bush Hill

[12] All available hydrate and vent gas analyses from
the literature from the Bush Hill vent site, and all available
analyses of Jolliet reservoir gas are listed in Table 1. The
mean and range of this compositional data are plotted in
Figure 2. Methane is the main component in all three

types of gas. Its mass fraction is highest in vent gas (mean
93 wt %, n = 11) and lowest in hydrate gas (mean 75 wt
%, n = 12). Conversely, the relative abundance of C2 and
C3+4 is highest in the hydrate gas (8.9 wt % and 15.1 wt
% respectively) and lowest in vent gas (3.9 wt % and 2.6
wt % respectively). The methane, C2, and C3+4 composi-
tions of the Jolliet gas are intermediate between the vent
and hydrate compositions. The shift in vent and hydrate
gas composition from Jolliet reservoir composition is
largest for C3+4 and smallest for C1. These, as well as
isotopic relationships, indicate that the vent gas at the
Bush Hill vent in GC 185 are Jolliet reservoir gases that
have been shifted in composition by hydrate precipitation
[Sassen et al., 1999a, 2001a].

2.2. Chemical Disequilibrium of Vent Gases

[13] Gas hydrate stability is a function of pressure
(depth below the sea surface), temperature, free gas
composition, water gas saturation, and water salinity
[Sloan, 1998; Miles 1995; Milkov and Sassen, 2000].
The stability model we construct for Jolliet gases as a
function of temperature, pressure, and gas composition is
shown in Figure 3. Figure 3 plots the hydrate equilibrium
pressure for feed gases with the composition of the Jolliet
reservoir analyses at temperatures between 5� and 23�C.
The equilibrium pressures at which these gases are in
equilibrium with Structure II hydrate are calculated using
the CSMHYD computer program of Sloan [1998] for a
pore water salinity of 3.54 wt % NaCl, which is the
normal deepwater salinity in the Gulf of Mexico [Fu and
Aharon, 1998]. The composition of the 16 Jolliet Reser-
voir gases is represented in Figure 3 by the weight percent
C3+4
J-gas in these gases, but the measured C1 through C4

compositions were used in the calculations. Because we
wish the figure to apply generally the axis is labeled as
vent gas; the Jolliet gases are treated as a special instance
of vent gas.
[14] Figure 3 shows that the Jolliet gas data form linear

trends at each temperature. Regressions of these trends
shows the data can be fit with an R2 = 0.94 by a linear

Table 1. Compositions of Jolliet Reservoir Gas, Bush Hill Vent

Gas, and Bush Hill Structure II Hydrate Gasa

C1 C2 C3 i-C4 n-C4 C3+4

Jolliet Reservoir Gas
J-1 90.5 6.0 2.3 0.3 0.6 3.2
J-2 90.2 6.5 2.3 0.3 0.5 3.1
J-3 86.2 8.3 3.8 0.5 0.9 5.2
J-4 87.1 7.5 3.5 0.5 0.9 4.9
J-5 87.8 7.1 3.3 0.5 0.9 4.7
J-6 87.0 7.7 3.4 0.5 0.9 4.8
J-7 87.4 6.9 3.5 0.6 1.1 5.2
J-8 91.4 5.1 2.4 0.4 0.6 3.4
J-9 87.3 7.4 3.4 0.5 0.9 4.8
J-10 88.1 7.3 3.1 0.5 0.8 4.4
J-11 84.6 8.9 4.1 0.7 1.2 6.0
J-12 89.8 5.5 2.8 0.5 0.9 4.2
J-13 85.7 8.4 3.7 0.6 1.0 5.3
J-14 86.6 7.3 3.8 0.6 1.1 5.5
J-15 87.3 7.4 3.7 0.5 0.7 4.9
J-16 86.5 7.8 3.6 0.6 1.0 5.2
Mean 87.7 7.2 3.3 0.5 0.9 4.675

Vent Gas
V-1 93.2 4.3 1.5 0.3 0.6 2.40
V-2 93.5 4.3 1.4 0.2 0.4 2.00
V-3 94.7 3.9 0.7 0.1 0.5 1.30
V-4 94.6 3.8 0.7 0.1 0.5 1.30
V-5 91.1 4.8 1.8 0.4 1.2 3.40
V-6 90.4 4.5 3.7 0.6 0.6 4.90
V-7 95.9 2.4 1.2 <0.1 0.3 1.50
V-8 93.4 4.1 1.5 0.3 0.5 2.30
Mean 93.4 4.0 1.6 0.3 0.6 2.39

Hydrate Gas
H-1 83.1 7.6 8.1 0.9 0.2 9.20
H-2 71.7 10.6 12.6 2.6 1.7 16.90
H-3 80.2 9.4 7.3 1.6 1.2 10.10
H-4 72.1 12.4 11.4 2.3 1.6 15.30
H-5 85.7 6.3 6.1 1.1 0.8 8.00
H-6 71.8 3.4 18.8 5.7 0.3 24.80
H-7 73.9 4.9 16.3 4.6 0.2 21.10
H-8 72.1 10.5 12.4 2.5 1.7 16.60
Mean 76.3 8.1 11.6 2.7 1.0 15.25

aValues are in wt %. Jolliet reservoir gas, J-1 through J-16; Bush Hill
vent gas, V-1 through V-8; Bush Hill Structure II hydrate gas, H-1 through
H-8. Reported by Sassen and MacDonald [1997, 1994] and Sassen et al.
[1998, 1999a, 1999b].

Figure 2. Weight percent C1, C2, and C3+4 composition of
Jolliet reservoir gas (J), vent gas (V), and hydrate gas (H) at
Bush Hill, Green Canyon Block 185. The mean values are
indicated by the middle bar, and the data range by the upper
and lower bars. Data are from Table 1.
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equation whose coefficients are third order polynomials in
temperature:

P ¼ aC
J�gas
3þ4 þ b ð1Þ

a ¼ �10:44þ 0:2712T � 0:0439T2 � 0:0106T3 R2 ¼ 0:9931
� �

b ¼ 0:2969þ 0:8305T � 0:1032T2 þ 0:0054T3 R2 ¼ 0:9989
� �

In this equation, T is the temperature in �C (valid between
1�C and 23�C), P is the pressure in MPa, and C3+4

J-gas is the
C3 + C4 mass fraction of Jolliet reservoir gas.
[15] The geothermal gradient is well defined by bottom

hole temperature measurements made in the Jolliet reser-
voirs. Based on 18 temperature measurements by Bascle et.
al. [2001] and 19 measurements provided by Conoco, the
gradient is 20.1�C/km. The pore fluid pressure is hydrostatic
to depths of �1400 m (Conoco site geologist, personal
communication, 2001). The geothermal gradient can be
affected by rapid vertical fluid flow [Roberts, 2001; Roberts
and Carney, 1997], but we do not consider this possibility in
this paper. For water salinities of 3.54 wt % and a geo-
thermal gradient of 20�C/km, the hydrostatic pressure
gradient is very close to 0.01 MPa/m. The water depth at
the Bush Hill vent is 540 m. Measured bottom water

temperature in GC 185 is 6–11�C with a mean 7�C
[MacDonald et al., 1994; Sassen and MacDonald, 1994].
Seafloor temperature is affected by loop current eddies
spinning off from the Gulf Stream [Roberts, 2001; Mac-
Donald et al., 1994, 2000; Roberts and Carney, 1997]. In
our calculations we choose a constant bottom water temper-
ature of 7�C. Temperature and pressure are then related to
depth below the seafloor:

P ¼ 5:4þ 0:5ðT � 7Þ; ð2Þ

where T is temperature in �C and P is pressure in MPa.
[16] Using (2), each regression line in Figure 3 can be

projected to the pressure (or depth below the seafloor) at
which its temperature would occur. The solid line in Figure
3 shows the locus of these points and represents the hydrate
stability boundary in the subsurface at Bush Hill as a
function of the C3+4 mass fraction of feed gas. This hydrate
stability line in Figure 3 can be described by either of the
following equations:

C
equ
3þ4 ¼

P

26:2
� 0:3936

; ð3Þ

C
equ
3þ4 ¼

D

226:2
� 0:1875

where P is pressure in MPa, D is the depth below the
seafloor in meters, C3+4

equ is the feed gas mass fraction of C3 +
C4 that is equilibrium with hydrate at the specified P and the
temperature that corresponds to this pressure under Bush
Hill.
[17] Negative values of C3+4

v-gas in Figure 3 indicate that
the feed gas need contain no hydrocarbons higher than
ethane to precipitate Structure II gas hydrate. Gas compo-
sitions with negative C3+4

v-gas contents are of course not
chemically realistic, but the distance (at constant pressure)
between free gas with positive C3+4

v-gas and the solid equili-
brium line in Figure 3 is a valid measure of the degree of
thermodynamic disequilibrium of that gas with respect to
the hydrate it would precipitate at that pressure.
[18] For positive values of C3+4

J-gas, Figure 3 predicts the
depth below the seafloor at which hydrates will precipitate
from gas with the compositions of Jolliet reservoir gas. The
range in predicted depths of hydrate precipitation for gas
with Jolliet reservoir composition is 573–649 mbsf. These
depths are larger than the 260 mbsf and 450 mbsf predicted
by vent gas compositions in GC 184/185 by Milkov and
Sassen [2000]. Milkov and Sassen [2000] based their
calculations on vent samples V-6 and V-7 in Table 1, chose
a bottom water temperature of 8�C, and chose a geothermal
gradient of 25�C/km. For these choices we reproduce the
hydrate zone thickness they calculate. The thickness of our
hydrate zone is greater than their V-7 estimate because we
choose a seafloor temperature of 7�C and a geothermal
gradient of 20�C/km.

2.3. Relation Between Hydrate and Feed Gas
Composition

[19] Prediction of the gas composition of Structure II
hydrate is complex. For simple gas hydrate at a given feed
gas fugacity, the higher the Langmuir constant the stronger
enclathrated the gas component is in the hydrate cavity.

Figure 3. Pressures at which all Jolliet reservoir gases first
precipitate hydrate are calculated for 3.54 wt % NaCl pore
waters and plotted as a function of their C3+4 mass fractions
for temperatures ranging from 23� to 5�C (circle through
triangle symbols). Regressions through this data are
extrapolated to the hydrostatic pressure-temperature profile
below Bush Hill (solid line with solid circle). To the right of
the vertical dotted line, this solid line represents the
equilibrium hydrate phase boundary; to the left it provides
a measure of the thermodynamic disequilibrium of positive
C3+4
v-gas compositions.
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Similarly at a given value of the Langmuir constant, higher
values of gas fugacity induce a higher fraction of this gas in
the hydrate cavity [Sloan, 1998]. We again simplify the
analysis by considering feed gas with the composition of the
measured Jolliet reservoir gases. Figure 4 shows the C3+4

hyd

compositions of hydrates that would precipitate from vent-
ing gas with the composition of the Jolliet reservoir gases at
the temperatures and pressures in the subsurface at Bush
Hill. The hydrate compositions are calculated using the
CSMHYD computer program of Sloan [1998] for a pore
fluid salinity of 3.45%. We assume that the C3+4

hyd of hydrate
gas is zero when C3+4

v-gas in Jolliet reservoir gas is zero. With
this assumption, C3+4

hyd the of gas hydrate and Jolliet reservoir
gas are related at an R2 > 0.998:

C
hyd
3þ4 ¼ bþ a1C

v�gas
3þ4 þ a2 C

v�gas
3þ4

� �2þ a3 C
v�gas
3þ4

� �3
; ð4Þ

where, b = �4. � 10�6T + 6.0 � 10�5, a1 = �0.5901T +
24.332, a2 = 14.133T � 491.49, a3 = �108.44T + 3405.9, T
is temperature in �C, and C3+4

hyd and C3+4
v-gas are mass fraction

of hydrate and vent feed gas respectively.

2.4. A Kinetic Model for Hydrate Precipitation
From a Venting Gas Stream

[20] We can now construct a kinetic model for hydrate
precipitation beneath Bush Hill. Consider a volume of gas
migrating upward toward the seafloor. In a coordinate
system moving with the gas, the mass M of a particular
packet of gas will decrease with time due to hydrate
precipitation:

DM

Dt
¼ �k�Cexp

E*

R

1

T*
� 1

T

� �� �
; ð5Þ

where �C = C3+4
v-gas � C3+4

equ is the chemical driving force for
the hydrate-forming reaction, k is the kinetic rate constant,
and the other parameters account for a standard Arhennius
rate dependence on temperature. If �C > 0, hydrate is
precipitated at a rate proportional to k, and the mass of gas

is diminished. If �C < 0, hydrate (if present) is dissolved,
and the mass of the gas packet is increased. In the
expression for �C, C3+4

v-gas is the C3 + C4 mass fraction
composition of the vent gas, C3+4

equ is the C3 + C4 mass
fraction composition of the gas that would be in equilibrium
with hydrates precipitating from this gas at the pressure and
temperature selected (on solid equilibrium line in Figure 3).
In (5)E* is the activation energy of the reaction, R is the gas
constant, T* is an arbitrary reference temperature which we
take to equal 273.15�K, and T is the temperature at the
location of the gas packet in �K. The exothermic heat from
hydrate precipitation is small and is ignored.
[21] If the gas is migrating vertically with a velocity vz,

we can use the chain rule to convert the time derivative to a
spatial derivative. The incremental change in M that will
occur as the gas rises a distance �z is then:

�M ¼ �k�C exp
E*

R

1

T*
� 1

T

� �� �
�z

vz
; ð6Þ

where �z/vz is the time to move a vertical distance �z, and
the other variables are defined as in (5) above.
[22] The application of (6) to venting at Bush Hill is

illustrated in Figure 5. First equation (3) is used to calculate
the depth below the seafloor at which hydrate will begin
precipitating for a Jolliet reservoir gas with particular C3+4

J-gas

mass fraction. Note that we assume a supply of free gas into
the base of hydrate stability, and that hydrate crystallization
begins as soon as it is thermodynamically permitted, albeit
at possibly a very slow rate. The interval between the depth
at which hydrate crystallization begins and the surface is
then divided into 10 equal increments. The gas is moved,
unchanged in composition (e.g., C3+4

v-gas(z1) = C3+4
J-gas), across

the first (deepest) subinterval to z1[mbsf], and �C1 is
calculated for the pressure at this depth (P1[MPa] = 5.4 +
0.01z1[m]) with C3+4

equ calculated using equation (3). This
value of �C1 is then used in equation (6) to calculate �M1.
In this calculation T1 = 280.15 + 0.02z1, E*/R = 10,000 �K,
and K = k�z/vz. K is treated as a parametric constant. For a
particular choice of K, the original mass of gas is reduced by
�M1, and the reduced mass M1 � �M1 is moved across the
next subinterval to z2 [mbsf ].
[23] Conservation of mass requires that the composition

of the vent gas at z2 be changed to reflect the composition of
the hydrate precipitated. The mass of C3+4 at z2 minus the
mass of C3+4 at z1 must equal the mass of C3+4 in the
precipitated hydrate. Mathematically:

M1C
v�gas
3�4 z1½ 	 � M1 ��M1ð ÞCv�gas

3þ4 z2½ 	 ¼ �M1C
hyd
3þ4 z1½ 	:

The composition of hydrate precipitated at z1, C3+4
hyd[z1], is

calculated from T1, P1, and C3+4
v [z1] using equation (4). The

vent gas composition at z2 is thus determined by rearranging
the above equation:

C
v�gas
3þ4 ziþ1½ 	 ¼

MiC
v�gas
3�4 zi½ 	 ��MiC

hyd
3þ4 zi½ 	

Mi ��Mi

; ð7Þ

where we index depth by the subscript i.
[24] This method of calculating the vent gas composition

is simply applied to successively higher nodes to obtain a

Figure 4. The mass fraction of C3 plus C4 in hydrate
calculated using the CSMHYD computer program [Sloan,
1998] for feed gasses with the composition of the Jolliet
reservoir gases at temperatures from 23�C (lowest curve) to
1�C (top curve) (triangle through diamond symbols). The
pressures used in the calculations are those encountered
below Bush Hill at these temperatures.
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complete solution. The solution at each node is propagated
to the next until the surface (tenth subinterval) is reached. For
example, knowing C3+4

v-gas[z2] from the first step, we can
calculate �C[z2] from equation (3), �M2 from equation
(6), C3+4

hyd[z2] from equation (4), and C3+4
v-gas[z3] from equation

(7). Then knowing C3+4
v-gas[z3] we can calculate�C[z3],�M3,

C3+4
hyd[z3], and so on to z10.

2.5. Results for a Base Case Set of Bush Hill
Parameters

[25] Figure 6 shows the results of a set of kinetic
calculations with the feed gas set equal to the mean of all
analyzed Jolliet gases (0.04675) and the kinetic parameter K
varying from 0.01 to 0.04 in steps of 0.002. For this feed
gas composition, the precipitation of hydrate begins at 614
mbsf. Depending on the value of K, hydrate precipitation
causes the C3 + C4 composition of the gas venting across
the seafloor to shift between 0.0425 (K = 0.002) and 0.0034
(K = 0.04). The range of vent gases K sampled at Bush Hill
is 0.013 to 0.049. It is as shown by the range labeled ‘‘vent’’
above the top horizontal axis of Figure 6 (see also Table 1).
The range of observed vent gas compositions is almost
spanned by the model predictions for venting of an average
Jolliet gas if the venting rate is varied by an order of
magnitude (such that K changes from 0.002 at high venting
rate to 0.02 at low venting rate). The existence of vent

analyses with slightly greater C3 + C4 content than the
average Jolliet reservoir gas means that the venting gas
might have a C3 + C4 slightly greater than the average
presently analyzed Jolliet gas, that the feed gas composition
changed with time, or that propane has biodegraded to some
slight degree. The important finding here is that the chem-
ical variation observed in Bush Hill vent gases could be
accounted for by an order of magnitude variation in the
venting rate of a constant feed gas composition close to the
average Jolliet reservoir gas.
[26] Figure 6 also shows the C3 + C4 mass fraction

composition of the hydrate that is precipitated from the
model feed gas as it migrates upward to the seafloor from
�614 mbsf. The calculated C3 + C4 mass fraction of gas
hydrate at the seafloor varies from 0.3684 to 0.0146, a range
which more than spans the range of hydrate composition
observed in Bush Hill samples. The observed range (0.08 to
0.248, Table 1) is shown by the bar labeled ‘‘Hydrate’’
above the top horizontal axis of Figure 6. The range in
calculated hydrate composition is much greater than the
range in vent composition. Thus, venting a relatively con-
stant composition feed gas at rates varying by about an
order of magnitude could explain both the observed range in

Figure 5. Illustration of method used for calculating the
rate of hydrate precipitation beneath Bush Hill. The hydrate
phase boundary is represented by the dashed to solid line
cutting diagonally across the figure. The light, near-vertical
line divided into 10 segments is the hypothetical composi-
tion-depth trajectory of a venting Jolliet gas. At any
pressure, the distance �C between this line and the hydrate
phase boundary is a measure of the chemical disequilibrium
of the vent gas and the driving force for the hydrate
precipitation reaction.

Figure 6. Composition (C3+4 mass fraction) of Bush Hill
vent gases and hydrates calculated with the kinetic model
discussed in text. Calculations are for K values ranging from
0.01 to 0.04 in steps of 0.002. The package of five lines at
the left show the C3+4 variation of the vent gas as a function
of depth. The package of lines on the right show how the
C3+4 mass fraction of gas in the precipitated hydrate varies
with depth. The range of surface Bush Hill vent gases and
hydrates are shown at above the top horizontal axis. The
hydrate profile corresponding to venting of the mean Jolliet
gas at the K value that converts it to the mean observed vent
gas is shown by the darker solid line labeled ‘‘Present.’’
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vent gas and the greater observed range in near-surface
hydrate compositions. Other factors such as partial biode-
gradation of the vent gas and bacterial oxidation of gas
hydrate could also explain some of the hydrate composition
variation.
[27] The mass fraction (F = �M/Mo) of venting gas

enclathrated in gas hydrate in the calculations shown in
Figure 7 varies from 0.013 (at K = 0.002) to 0.22 (at K =
0.04). The model vents gas with the mean Bush Hill vent
gas composition (0.0239) when K = 0.015. At K = 0.015 the
mass fraction of venting gas precipitated as hydrate at is

0.089. Typically, therefore, the Bush Hill system precipi-
tates about 9 wt % of its feed gas as hydrate below the
surface, and about 91 wt % of the feed gas is vented. These
figures are confirmed in another way in Tables 2 and 3.
Table 2 shows the K values required to convert each
measured Jolliet reservoir gas to an observed Bush Hill
vent gas. Where the vent gas has composition richer in than
the reservoir gas, the K value is assigned an ‘‘N’’. The
conversion K values range from 0 to 0.0311, but the mean
value of the mean conversion K (lower left entry in Table 2)
is 0.0160. Table 3 shows the mass fraction precipitated as
hydrate corresponding to the Table 2 numbers. The range in
the gas mass fractions precipitated as hydrate is 0 to 19 wt
%, but the mean of the mean estimates (lower left table
entry) is 9.5 wt %. We again conclude that typically about
9% of the gas precipitates as hydrate in the Bush Hill
subsurface.
[28] Figure 6 makes an important prediction that could

allow testing of our kinetic model. It suggests that, provided
the feed gas composition is relatively constant, the range in
the C3 + C4 hydrate composition may narrow dramatically
with depth and it predicts that this narrowing should occur
through an increase in the C3 + C4 content of the lower
bound of the range in hydrate composition. Variability in
feed gas composition would cause the composition of the
hydrates near the base of the hydrate layer to vary corre-
spondingly. Drilling the Bush Hill vent to �620 mbsf could
test the predicted depth-dependence of hydrate composition
and also determine the variability of feed gas composition.
The range of hydrate composition should narrow to the
range of feed gas variability as the base of hydrate crystal-
lization is approached.
[29] Figure 7 summarizes the relationships between K, the

mass fraction of hydrate precipitated from the venting gas,
the composition of gas venting into the ocean, and the
composition of hydrate precipitating near the seafloor. This
figure shows that the surface hydrate mass fraction C3 + C4

is �0.31 at the K value (0.015) that fits the mean present
C3 + C4 vent gas composition of 0.0239. This hydrate

Figure 7. Total mass fraction of venting gas (�M )
precipitated as hydrate beneath the Bush Hill vents and
the C3+4 mass fraction compositions of the gases vented
and the hydrates precipitated at the seafloor. Vertical line
labeled K = 0.0149 shows these parameters for venting the
mean C3+4 mass fraction of Jolliet reservoir gas (0.04675)
at the rate (K = 0.0149) required to produce the mean
measured vent gas composition (0.0239). The predicted
composition of the hydrates precipitated at the seafloor in
this case is 0.029 and �8.9 wt % of the gas is precipitated
as hydrate.

Table 2. Tabulation of Kinetic K Values Required to Convert the C3+4 Mass Fraction in Jolliet Gases to the C3+4 Mass Fraction of Vent

Gases at Bush Hill in GC 185a

Vent V-1 V-2 V-3 V-4 V-5 V-6 V-7 V-8 Mean
Jolliet Content 0.024 0.02 0.013 0.013 0.034 0.049 0.015 0.023 0.0239

J-1 0.032 0.0059 0.0091 0.0160 0.0160 N N 0.0138 0.0066 0.0084
J-2 0.031 0.0052 0.0085 0.0154 0.0154 N N 0.0132 0.0060 0.0079
J-3 0.052 0.0177 0.0208 0.0272 0.0272 0.0109 0.0017 0.0252 0.0184 0.0186
J-4 0.049 0.0161 0.0192 0.0256 0.0256 0.0092 N 0.0236 0.0168 0.0170
J-5 0.047 0.0150 0.0181 0.0246 0.0246 0.0080 N 0.0225 0.0157 0.0161
J-6 0.048 0.0155 0.0186 0.0251 0.0251 0.0086 N 0.0231 0.0163 0.0165
J-7 0.052 0.0177 0.0208 0.0272 0.0272 0.0109 0.0017 0.0252 0.0184 0.0186
J-8 0.034 0.0072 0.0104 0.0172 0.0172 N N 0.0151 0.0080 0.0094
J-9 0.048 0.0155 0.0186 0.0251 0.0251 0.0086 N 0.0231 0.0163 0.0165
J-10 0.044 0.0132 0.0164 0.0230 0.0230 0.0063 N 0.0209 0.0140 0.0146
J-11 0.06 0.0219 0.0249 0.0311 0.0311 0.0152 0.0062 0.0292 0.0226 0.0228
J-12 0.042 0.0121 0.0153 0.0219 0.0219 0.0051 N 0.0198 0.0129 0.0136
J-13 0.053 0.0182 0.0213 0.0277 0.0277 0.0114 0.0023 0.0257 0.0190 0.0192
J-14 0.055 0.0193 0.0224 0.0287 0.0287 0.0125 0.0035 0.0267 0.0200 0.0202
J-15 0.049 0.0161 0.0192 0.0256 0.0256 0.0092 N 0.0236 0.0168 0.0170
J-16 0.052 0.0177 0.0208 0.0272 0.0272 0.0109 0.0017 0.0252 0.0184 0.0186
Mean 0.04675 0.0146 0.0178 0.0243 0.0243 0.0079 0.0011 0.0222 0.0154 0.0160

aK values are defined in discussion following equation (6) in the text. Jolliet gases, J-1 through J-16 with values in second column; Bush Hill vent gases
in GC 185, V-1 through V-8 with values in second row. An entry ‘‘N’’ is entered where the vent gas is richer in C3+4 than the corresponding Jolliet reservoir
gas and hydrate precipitation cannot achieve the conversion.
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composition is above the upper end of range of the observed
surface hydrate C3 + C4 mass fractions at Bush Hill, as
indicated by the position of ‘‘present’’ hydrate precipitation
curve relative to the observed ‘‘Hydrate’’ bar above the top
horizontal axis in Figure 6. Most of the hydrate samples that
have been collected from Bush Hill have C3 + C4 mass
fractions lower than we would predict from the venting rates
(0.002 to 0.02) that match most of the vent gas compositions
measured at Bush Hill. The vent gases reflect conditions in
the last decade when the samples were collected, while the
hydrate samples could reflect conditions in the considerably
more distant past. This may suggest that the present (last
decade) venting rates have been greater in the past.
[30] Figure 7 shows that the fraction of gas precipitated as

hydrate is directly proportional to K, and therefore inversely
proportional to venting rate. This means that, according to
our model, the hydrate accumulation rate at Bush Hill is
largely independent of the venting rate over a considerable
range of gas discharge rates. The Bush Hill hydrates should
have accumulated at a steady rate despite any changes in
venting rate that may have occurred there.
[31] Figure 8 shows how vent gas mass is lost to hydrate

as a function of depth and how hydrate volume will
accumulate at constant hydrate density. Except near the
base of the hydrate precipitation zone, below 500 m, the
mass of vent gas crystallized to hydrate per meter depth is
approximately constant for venting rates near the current
average (K = 0.015). Hydrate mass and volume should
accumulate fairly evenly with depth to about 500 mbsf, and
then taper to zero at 614 m.
[32] Using the hydrate crystallization profile for K =

0.015 in Figure 8, we can project the near-surface hydrate
volumes observed at Bush Hill to depth, and integrate to
obtain an estimate of the total hydrate volume. Figure 9
shows a seismic image of the upper few 10 s of meters of
the Bush Hill hydrate mound. The mound is about 800 m
in diameter at its base and rises 19 m above the seafloor. If
we assume the mound is 2 vol % hydrate, which is the
hydrate content of Blake Ridge sediments estimated by
geochemical and geophysical methods [Egeberg and Dick-
ens, 1999; Helgerud et al., 2000; Collect and Lee, 2000],

the model volume-depth profile for K = 0.015 in Figure 8
suggests the total hydrate volume at the Bush Hill vent is
�6.2 � 106 m3. For ratio of gas volume at STP to
Structure II hydrate volume of 180 [Sloan, 1998], the
corresponding volume of gas tied up in hydrate is �1.1 �
109 m3. This is similar to the volume of gas in the Jolliet
reservoirs. The Jolliet reservoirs contain 4.3 � 109 m3 (152
bcf ) of gas.
[33] The time interval over which the Bush Hill hydrates

accumulated can be estimated in several ways. Roberts and
Aharon [1994] radiometrically dated samples of Bush Hill
carbonates and found ages ranging from 1.4 to 3.2 ka. The
Jolliet Reservoir gases are sealed and compartmented by
normal faults, which attained their present configuration in
late Pleistocene to Holocene time [Cook and D’Onfro,
1991]. Recent migration and accumulation is also suggested
by the lower-than-expected levels of biodegradation of the
gases in the shallow, cool Jolliet Reservoirs. If the Bush Hill
hydrates accumulated over the last 10,000 years by remov-
ing �9% of a vent gas stream, the average gas venting rate
at Bush Hill would have been �1.3 � 106 m3/yr (0.9 � 106

kg/yr) over the last 10,000 years. This venting rate is similar
to the filling rate of the Jolliet reservoirs. If the reservoirs
filled in the last 10,000 years, their average filling rate
would have been 0.43 � 106 m3/yr.
[34] Gas venting at Bush Hill has been measured by

capturing bubble streams at individual sites on the mound.
The local bubbling rate is typically 30 to 60 cm3/minute or
�20 m3/year [Roberts, 2001; Sassen et al., 2001b ]. This is
a compressed gas volume rate. Decompressing �20 m3/year
from 540 bars to 1 bar gives a venting rate of �104 m3/yr.
Sassen et al. [2001b] estimate venting from a single site on
the Bush Hill mound at 3 � 104 m3/yr STP. The base of the
dramatic gas plume recorded by Roberts August 2000 visit
to the site [Roberts, 2001; Sassen et al., 2001a] is �600 m
wide and centered on the 800 m diameter Bush Hill hydrate
mound. Approximately 100 such bubble streams venting
104 m3/yr over the 600 m diameter active zone of Bush Hill
mound (e.g., bubble streams spaced about 60 m apart)
would be required to produce a total discharge of 106

m3/year. Submersible observations suggest the venting rate

Table 3. Mass Fraction of Venting Jolliet Reservoir Gas That Must be Precipitated as Hydrates to Produce Bush Hill Vent Gasa

Vent V-1 V-2 V-3 V-4 V-5 V-6 V-7 V-8 Mean
Jolliet Content 0.024 0.02 0.013 0.013 0.034 0.049 0.015 0.023 0.0239

J-1 0.032 0.0331 0.0503 0.0860 0.0860 N N 0.0750 0.0369 0.0459
J-2 0.031 0.0287 0.0465 0.0822 0.0822 N N 0.0711 0.0330 0.0430
J-3 0.052 0.1087 0.1260 0.1606 0.1606 0.0687 0.0115 0.1499 0.1129 0.1124
J-4 0.049 0.0972 0.1146 0.1493 0.1493 0.0572 N 0.1386 0.1014 0.1009
J-5 0.047 0.0896 0.1070 0.1418 0.1418 0.0496 N 0.1311 0.0938 0.0943
J-6 0.048 0.0934 0.1108 0.1456 0.1456 0.0534 N 0.1348 0.0976 0.0976
J-7 0.052 0.1087 0.1260 0.1606 0.1606 0.0687 0.0115 0.1499 0.1129 0.1124
J-8 0.034 0.0404 0.0580 0.0936 0.0936 N N 0.0826 0.0447 0.0516
J-9 0.048 0.0934 0.1108 0.1456 0.1456 0.0534 N 0.1348 0.0976 0.0976
J-10 0.044 0.0783 0.0957 0.1307 0.1307 0.0382 N 0.1199 0.0825 0.0845
J-11 0.06 0.1397 0.1569 0.1912 0.1912 0.0998 0.0424 0.1807 0.1439 0.1432
J-12 0.042 0.0707 0.0882 0.1233 0.1233 0.0306 N 0.1124 0.0750 0.0779
J-13 0.053 0.1125 0.1298 0.1644 0.1644 0.0726 0.0153 0.1537 0.1167 0.1162
J-14 0.055 0.1202 0.1375 0.1720 0.1720 0.0803 0.0230 0.1614 0.1244 0.1239
J-15 0.049 0.0972 0.1146 0.1493 0.1493 0.0572 N 0.1386 0.1014 0.1009
J-16 0.052 0.1087 0.1260 0.1606 0.1606 0.0687 0.0115 0.1499 0.1129 0.1124
Mean 0.04675 0.0888 0.1062 0.1410 0.1410 0.0499 0.0072 0.1303 0.0930 0.0947

aJolliet reservoir gas, J-1 through J-16; Bush Hill vent gas, V-1 through V-8. Mass fractions correspond to the K values in Table 2. ‘‘N’’ indicates vent gas
is richer in C3+4 than the corresponding Jolliet reservoir gas and hydrate precipitation cannot convert the reservoir gas to vent gas.
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is highly variable on the mound. There may be diffuse as
well as focused leakage. All considered a cumulative vent-
ing rate of 106 m3/year over the entire mound is reasonable
(H. Roberts, personal communication, 2001). If our calcu-
lated �1.2 � 106 m3/year venting is spread uniformly
across a 600 m diameter circular footprint, the venting rate
per unit area is �4.6 m3 STP gas/m2-year.

2.6. Parametric Variations From the Base Case Bush
Hill Parameter Values

[35] While we have selected the most likely parameter
values for Bush Hill, there is or course some uncertainty in
the values selected. The bottom water temperature may not
have been 7�C on average, for example, and the literature
contains the (we believe erroneous) notion that the subsur-
face temperature gradient at Bush Hill is 25�C/km rather
than 20�C/km. Other sites would have different bottom
water temperatures and subsurface temperature gradients.
The Bush Hill hydrate mound could easily contain 5 vol %
rather than 2 vol % hydrate. For many reasons it is of
interest to determine the impact of reasonable parameter
changes on gas venting rates, hydrate accumulation rates,
and mound hydrate content. Table 4 and Figures 10 and 11
report the results of a series of calculations in which the
bottom water temperature is varied from 5� to 13�C, the

subsurface temperature gradient from 15� to 50�C/km, and
the hydrate content of the Bush Hill mound (and its subsur-
face extension) is either 2 or 5% by volume.
[36] Table 4 shows that as the average surface temper-

ature increases from 5� to 13�C, the fraction subsurface gas
precipitation that is required to convert Jolliet reservoir gas
to the sampled vent composition increases �5% (from 0.88
to 0.92), the venting rate required to effect this precipitation
drops by a factor of 4.3 (from 1.4 to 0.3 � 106 m3/yr), and
the hydrate volume in the subsurface drops by the same
factor (from 7.5 to 1.8 � 109 m3). This all makes good
sense. The fractional precipitation, F, changes little because
the partitioning between gas and hydrate is not very
sensitive to small temperature changes. The venting rate
must be slowed dramatically, however, because crystalliza-
tion must occur over a smaller depth range. Since the depth
at which hydrate is stable depends on pressure as well as
temperature, the effects of surface temperature increases are
compounded. Precipitating the same fraction of gas in the
same time period but over a shorter depth interval (column 2
of Table 4) necessarily accumulates less hydrate.
[37] Table 4 shows that as the subsurface temperature

gradient increases from 15� to 50�C/km (at a constant
seafloor temperature of 7�C), the fraction of gas, F, pre-
cipitated as hydrate remains virtually unchanged while the
venting rate and hydrate accumulation over 10,000 years
decrease by a factor of �4.2. Again, this is reasonable.
Since the chemical partitioning between gas and hydrate is
much less sensitive to pressure than temperature, changing
the subsurface temperature gradient mainly means that the
venting gas stream has a different depth interval over which
to precipitate hydrate. The kinetics are unchanged if the
transit time across the hydrate zone is the same. Hence

Figure 8. Predicted mass fraction of vented gas precipi-
tated per meter depth plotted as a function of depth for
selected kinetic (K) values. Venting of the mean Jolliet
reservoir gas at the rate required to produce the mean vent
gas C3+4 composition is the solid curve. For constant
venting conditions (constant K values) each profile indicates
how the hydrate mass will be distributed with depth. The
figure suggests hydrates will be distributed evenly with
depth to near the base of the hydrate layer.

Figure 9. High-resolution seismic profile across the gas
hydrate mound in GC 185. The inserts indicate how the
profiles in Figure 8 can be used to extrapolate the hydrate
surface mass to depth to estimate a total hydrate volume at
Bush Hill of 6.2 � 106 m3. A constant hydrate density of
�0.93 [Sloan, 1998] is used in this calculation. The seismic
profile in the upper part of the figure is modified from
Roberts and Carney [1997].
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venting rate and hydrate accumulation vary inversely with
the hydrate layer thickness (column 2 in Table 4).
[38] Finally the venting rate and volume of gas accumu-

lated as hydrate in the subsurface are both very sensitive to
the volume percent hydrate in the Bush Hill mound (and its
subsurface extension). The volume of subsurface hydrate
must increase as the hydrate content of the sediments
increases. At the same fraction gas crystallization and the
same time interval, the gas venting rate must increase to
supply the increased subsurface hydrate volume.
[39] Figures 9 and 10 plot the data in Table 4. The

fraction of gas precipitated as hydrate changes little for
reasonable changes in seafloor temperature and subsurface
temperature gradient. Venting rate and the volume of gas
accumulated as subsurface hydrate vary directly with the
inverse of the subsurface temperature gradient, and inver-
sely with seafloor temperature.

3. Discussion of the Kinetic Model

[40] The kinetic model we construct differs dramatically
from the current hydrate models in the literature. The model
published recently by Xu and Ruppel [1999] is the latest
version of the current modeling approach. It investigates
hydrate accumulation using conservation equations of heat,
momentum, and methane mass balance. Their model
assumes dissolved methane in the methane hydrate zone
is in equilibrium with hydrate. Following Rempel and
Buffett [1997], the kinetics of hydrate precipitation are
assumed to be fast enough that kinetic constraints on
hydrate accumulation can be ignored, and by default the
rate of accumulation is controlled by mass and heat trans-
port. There is no free gas in the hydrate stability zone. Their
models are appropriate for locations of diffuse methane
leakage and particularly for the Blake Ridge, and their main
focus is on simulating the top and bottom of the zone where
methane hydrate is present, and the depth of the free gas
zone, which they show can lie below or at the base of the
methane hydrate zone. Uncertainties of a few degrees in the

boundary of the hydrate stability zone can be important
[Ruppel, 1997]. In contrast, the rate of hydrate precipitation
in our model is kinetically controlled, we have a free gas
phase throughout the hydrate stability zone, there is no top
to our hydrate zone (methane gas vents the surface, and
hydrate precipitates at the surface), our mass transport is
simplified to a single phase gas stream from which hydrate
precipitates, and uncertainties of a few degrees in the
hydrate stability zone are not important. Our model is
appropriate for areas where gas is venting (such as Bush
Hill), and in a sense represents a complimentary end-
member model to that constructed by Xu and Ruppel
[1999].
[41] The kinetic model represented by equation (6) is

simplified in several ways. (1) It assumes hydrate precip-
itation can be characterized by a first order, linear kinetic

Table 4. Summary of Parameters for Which the Jolliet Reservoir Gas Mass Fraction C3 + C4 = 0.0465 is Vented at the Composition of

the Average Sampled Bush Hill (C3 + C4 = 0.0239) Vent Gasa

Variable Seafloor T
at @T/@z = 20�C/km D, mbsf K F

Venting Rate, 106 m3/yr Hydrate Volume, 106 m3

2 Vol % 5 Vol % 2 Vol % 5 Vol %

5 741 0.0114 0.088 1.4 3. 5 7.5 18.8
7 614 0.0149 0.089 1.2 2.9 6.2 15.6
7 (20 nodes) 614 0.0481 0.086 1.2 3.0 6.2 15.6
7 (‘‘& E*/R = 2500) 614 0.0082 0.088 1.2 2.9 6.2 15.6
9 478 0.0211 0.090 0.9 2.2 4.9 12.2
11 332 0.0348 0.092 0.6 1.5 3.4 8.5
13 175 0.0900 0.092 0.3 0.8 1.8 4.6
Variable @T/@z
at seafloor T = 7�C

15 893 0.0125 0.086 1.7 4.3 9.0 22.6
20 614 0.0149 0.089 1.2 2.9 6.2 15.6
25 464 0.0160 0.088 0.9 2. 2 4.7 11.8
30 372 0.0167 0.087 0.7 1.7 3.8 9.5
35 310 0.0173 0.087 0.6 1. 5 3.2 8.0
40 266 0.0178 0.087 0.5 1. 3 2.7 6.9
45 232 0.0181 0.086 0.5 1.1 2.4 6.0
50 206 0.0183 0.086 0.4 1.0 2.1 5.3

aD = maximum depth of hydrate crystallization; K = computational kinetic rate constant; F = �M/Mo = the mass fraction of venting gas precipitated as
hydrate. Venting rate and subsurface hydrate volume are shown for 2 and 5 vol % hydrate in the Bush Hill hydrate mound and its subsurface extensions.
Three calculations are reported for 7� and 20�C/km: 10 nodes and E*/R = 10,000�C, 20 nodes and E*/R = 10,000�C, and 20 nodes and E*/R = 2500�C.

Figure 10. The mass fraction of venting gas precipitated
as hydrate, F, that is required to convert the average Jolliet
reservoir gas composition to that of the average Bush Hill
vent gas is plotted: (1) for a subsurface temperature gradient
rT = 20�C/km as a function the average seafloor
temperature, TSF, and (2) for a surface temperature of 7�C
as a function of rT. Data are from Table 4.
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model. (2) It assumes that the degree of chemical disequi-
librium (the chemical driving force for the reaction) can be
represented by the difference between the mass fraction of
C3 + C4 in the free gas phase and the ( possibly negative)
free gas composition that would be in equilibrium with
hydrates precipitating at the defined pressure and temper-
ature. (3) It assumes that the activation energy is similar to
that characterizing solid phase reactions in which E*/R =
�10,000�K and therefore that the hydrate precipitation
reaction is controlled by solid surface processes and not
the diffusion of methane away from gas bubbles, a process
that would have an activation energy characterized by E*/R
values closer to 2,500�K. In the current literature vernacular
we assume porous media kinetics rather than open system
kinetics. (4) The kinetic constant K (=k �z/vz) is assumed
not to vary with depth. Thus both the gas venting velocity
and the kinetic rate constant k are assumed not to change
with depth. (5) The subsurface temperature profile is
assumed to be constant. Flow does not perturb the temper-
ature gradient in our models, and the surface temperature in
our simulations is constant. (6) Because the temperature
profile is constant, we model only hydrate precipitation.
[42] Several of these simplifications can be quantitatively

justified. If E*/R is �2500�K rather than �10,000�K, the
value of K required to convert the mean Jolliet gas to the
mean venting gas composition is changed by a factor of �3,
but, as shown in Table 4, the percent gas precipitated as
hydrate, the volume of hydrate accumulated in the subsur-
face, and the venting rates are changed very little. Since this
change in the activation energy is about as extreme as can
be imagined, plausible precipitation mechanisms (e.g., open
system/direct-crystallization from a gas bubbles versus
porous media/crystallization onto a solid surface) give the
same results in our empirically calibrated kinetic model.
[43] We know that rapid pulses in venting associated with

mud volcanoes can increase the surface temperature of the
muds at the surface by up to 10�C [Roberts, 2001]. Bottom

water temperature variations could also decompose hydrates.
Sassen et al. [2001a] state, however, that the vent gas at Bush
Hill shows no significant evidence of hydrate decomposi-
tion. Hydrate decomposition could matter elsewhere but it
does seem to be a concern at Bush Hill.
[44] The remaining assumptions address the foundations

of the kinetic model itself. We characterize the chemical
driving force for hydrate precipitation by the mass fraction
of C3 + C4 in the free gas phase. Even accepting this is fully
appropriate, important details are complex and uncertain.
For example, gas velocity is unlikely to be constant with
depth. It will be rapid at constrictions and slower where
flow spreads out. Hydrate surface area will not be constant
with depth. A first order crystallization rate constant is
proportional to the hydrate surface area. Capillary forces
could be important in nucleating and promoting hydrate
precipitation [Melnikov and Nesterov, 1996; Clennell et al.,
1999, 2000]. We ignore the initial nucleation of hydrate and
all effects of interfacial tension in our model. In short our
model is highly simplified. Many of the complexities could
average out over time as the flow channels shift position.
But the main justification is that an unsimplified model
would require too much detailed subsurface data to imple-
ment. We construct a simple model and empirically calibrate
it to the Bush Hill Site. The main assumption we make is
that the model can predict the composition of hydrates
precipitated in the deeper parts of the vent system.
[45] We have examined model convergence by calculat-

ing models with twice the number of nodes so that the
interval between nodes in reduced in half (see Figure 5).
Table 4 shows that for 20 nodes the mass fraction that must
be crystallized from mean Jolliet gas to produce the mean
vent gas composition is reduced by �1% from the 10-node
calculation shown in Figure 6. This difference is not
significant. The number of nodes used in our calculations
is computationally adequate.
[46] Our kinetic model is calibrated to Bush Hill. It

cannot be assumed that the regressions equations (1) and
(4) are valid everywhere, although they are probably valid
for sites near Bush Hill that are in the same hydrocarbon
system.

4. Implications of the Application to Bush Hill

[47] The style of thermogenic hydrate accumulation in the
Gulf of Mexico is very different from the style of hydrate
accumulation on most ocean slopes. In most places,
hydrates are associated with bottom-simulating seismic
reflectors (BSRs) and faults are not of controlling impor-
tance. In the Gulf hydrates BSRs are not observed, and
hydrate accumulations are almost invariably associated with
faults.
[48] The fault-related thermogenic gas hydrates of the

Gulf of Mexico are crystallized from a mass flux of methane
that is �103 times greater than that associated with BSR
hydrates. BSRs are thought to be caused by gas accumu-
lations below the zone where hydrates have crystallized.
Observations and models such as those developed by Xu
and Ruppel [1999] show that aqueous gas diffusion fre-
quently causes the top of gas to lie below the bottom of the
zone of hydrate crystallization. The separation provides a
measure of the rate of methane venting. At 1 km water

Figure 11. Calculated venting rates and subsurface gas
volumes stored as hydrate are plotted against seafloor
temperature (for rT = 20�C/km) and rT (for TSF = 7�C).
The calculations are constrained such that the average Jolliet
reservoir gas vents at the average Bush Hill vent gas
composition. Curves are shown assuming the Bush Hill
hydrate mound contains 2 and 5 vol % hydrate. Data are
from Table 4.
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depth and fluid fluxes of 2 mm/yr (which is �2 times
greater than could be produced by compaction in Bush Hill
area where sediments are accumulating at <2 mm/yr), Xu
and Ruppel’s model shows that a methane flux rate of 1.9 �
10�4 kg/m2 is required to crystallize hydrate, and a methane
flux of 3 � 10�3 kg/m2 yr is required for the top of gas to
become coincident with the bottom of hydrate crystalliza-
tion. Since the top of gas is thought to lie below the bottom
of hydrate in many areas, this latter flux provides a rough
upper bound estimate on the common rate of gas venting in
BSR systems. It is interesting in this context that the gas
flux rates we estimate at Bush Hill are more than 103 times
larger. The STP density of methane is 0.71 kg/m3. The mass
venting rate corresponding to methane fluxes of 4.6–11.3
m3/year (the base case estimates for 2 and 5 vol % hydrate
in the Bush Hill mound) and is therefore 3.2–7.4 kg/m2 yr,
which exceeds the methane flux in BSR systems (3 �
10�3 kg/m2 yr) by more than three orders of magnitude.
[49] Our model suggests that the methane venting rates at

Bush Hill have varied by at least a factor of 3 over the �10
years that gas samples have been collected there. The
venting rate changes significantly on a scale of years. This
is shown by the variation in K that is required to span the
observation bar labeled ‘‘vent’’ at the top of Figure 6. The
variations in hydrate composition (Figure 6) suggest that
these changes have been going on for thousands of years,
since the hydrates may be at least this old. The composi-
tional changes could also be caused if different parts of the
compositionally heterogeneous Jolliet reservoirs vented at
the same rate but at different times over the span of a few
years. Direct confirmation of variable venting rates by
seafloor vent monitoring or repeat echo sounder plume
surveying could provide data to test our hypothesis that
variable venting rate is the main cause of the variations in
gas chemistry.
[50] The volume of gas that our model suggests may be

stored in the vent system is surprisingly large. If the hydrate
in the Bush Hill mound contains 5 vol % hydrate, the model
subsurface fault plumbing system contains �15.6 � 106 m3

hydrate or �2.8 � 109 m3 gas at STP (see Table 5). This is
more than half the 4.3 � 109 m3 of gas contained in the
Jolliet reservoirs. Despite uncertainties, the volume hydrate
estimate may be quite robust. A certain amount of hydrate
crystallization is required to shift the source gas composi-
tion to that of the vent gases. If this is done preferentially in
the shallow, low temperature subsurface, the amount of
crystallization may be reduced, but if the crystallization
profile is at all similar to that shown in Figure 8, the change
should be small.
[51] The Bush Hill example suggests it may be possible to

estimate the subsurface hydrate volume from surface obser-

vations in cases where the feed gas composition is not known.
As shown in Figure 6, the vent gas samples with themost C3 +
C4 quite faithfully reflect the feed gas composition. The
fraction gas precipitated in the subsurface might thus be
determined by a model in which the feed gas is taken to be the
heaviest sampled vent gas. The fractional precipitation would
be that which is required to convert this feed gas to the
average vent gas composition. The size of the subsurface
hydrate resource could then be estimated from the average
seafloor temperature, the subsurface thermal gradient, and
geological or geochemical estimates of the duration of vent-
ing. Such ‘‘no drilling’’ estimates of hydrate volume could
be useful in assessing the economics of hydrate recovery.
[52] While the model may define the hydrate volume as a

function of depth in a fault plumbing system, it does not
specify the lateral distribution of hydrate in the fault, which
could be complex. Determining of how the envelope of
hydrate composition changes with depth and whether it is
similar to that shown in Figure 6 could provide added
confidence in the model and the volume estimates.
[53] Since the venting rate and subsurface hydrate volume

are directly related (see Table 4 and Figure 11), defining
subsurface hydrate volume directly translates to defining the
cumulative amount of methane vented, which is of potential
environmental interest. If our model is valid, this is a case
where subsurface resources and the venting of greenhouse
gases are equivalent measures of the same process. The
volume of vented gas equals the subsurface volume of gas
stored in hydrate times (1�F )/F, where F is the time
average mass fraction of gas precipitated as hydrate.

5. Summary and Conclusions

[54] This paper constructs a kinetic model for hydrate
precipitation beneath the Bush Hill hydrate mound, Green
Canyon 185, offshore Louisiana. The model is based on the
composition of the Jolliet reservoir gases. These gases, or
gases from the same source, provide the feed gas for the
hydrate precipitation and venting at Bush Hill. Chemical
disequilibrium in the kinetic model is measured by the
difference between the mass fraction of C3 + C4 in the vent
gas and their mass fraction in gas that is in equilibrium with
hydrates at the same location (Figure 3). The composition of
precipitating hydrate is determined by regressing thermody-
namic predictions for the Jolliet reservoir gases (Figure 4).
All thermodynamic calculations are carried out using the
CSMHYD computer program of Sloan [1998].
[55] Vent gas composition, hydrate composition, and the

fraction of gas precipitated as hydrate are computed in the
Bush Hill vent system using a propagator solution technique
(Figure 5). The calculations show (Figures 6 and 7) that the

Table 5. Summary of Bush Hill Parameters Derived or Discussed in the Text

Vol % Hydrate in Bush
Hill Mound

2 5

Hydrate volume, 106 m3 6.2 15.6
STP Gas volume in hydrate, 109 m3 1.1 2.8 4.3 in Jolliet Reservoirs
STP Gas volume vented in last 104 years, 109 m3 11.7 29.8
Venting rate Bush Hill, 106 m3/yr 1.2 3.0 0.03 single bubble stream
Venting rate Bush Hill, 106 kg/yr 0.9 2.1
Mass Flux 600 m diam. BH Site, kg/m2 yr 3.2 7.4 �3 � 10�3 in BSR sites
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range in both vent gas and hydrate composition can be
accounted for if the feed gas is slightly richer in mass
fraction of C3 + C4 than the mean Jolliet gas, and the
venting rate varies by more than a factor of 3 over short (�1
year) time intervals. The weight percent gas precipitated as
hydrate is inversely proportional to venting rate and has
varied at Bush Hill from almost zero to �19%. The average
is �9%. For the average venting rate indicated by the vent
gas and hydrate chemistries, about equal amounts of gas are
precipitated as hydrate in each depth interval until the base
of the hydrate layer is approached (Figure 8).
[56] Using the present-day profile in Figure 8, and assum-

ing the Bush Hill mound contains between 2 and 5 volume
percent hydrate, we estimate the total volume of hydrate in
and below Bush Hill is � 6.2 to 15.6 � 106 m3 (Table 5). If
this hydrate represents 9% of the venting gas, and accumu-
lated over a 10,000 period, the gas venting rate has been
between 1.2 and 3.0 � 106 m3/yr. Up to half as much gas as
has been stored the Jolliet reservoirs has crystallized as
hydrate between 614 mbsf, and �5 times more gas has been
vented. If the venting is fairly uniform over the 600 m
diameter Bush Hill mound, the average gas mass flux has
been between 3.2 and 7.4 kg/m2 yr. This is consistent with
seafloor gas venting observations. It >103 times the estimates
of methane fluxes in hydrate accumulations associated with
bottom-simulating reflectors where faults are not a factor.
[57] The total volume of gas vented is reflected in the

amount stored as hydrate in the subsurface. Measuring one
measures the other if the mass fraction of gas that precip-
itates as hydrate can be inferred. If Bush Hill is a valid
guide, it may be possible to estimate subsurface hydrate
accumulations (and the cumulative gas vented) from the
difference between the C3 + C4 content of the richest and
average gas samples, the local bottom water temperature,
the subsurface thermal gradient, an estimate of the duration
of venting, and an estimate of the hydrate volume of hydrate
with a few meters of the surface (Figures 6 and 9–11).
[58] Our model could be supported by verifying that

venting rates vary by a factor of �3 over a few years at
Bush Hill, and by verifying that the range of hydrate C3 +
C4 gas composition changes with depth as shown in Figure
6. The parameter with the most impact on our results is the
volume percent hydrate in the Bush Hill mound.
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