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A Kkinetic model for the methane hydrate precipitated from venting
gas at cold seep sites at Hydrate Ridge, Cascadia margin, Oregon
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[11 Wedevelop a kinetic model for hydrate crystallization from methane gas venting through
shallow sediments at Hydrate Ridge on the Cascadia margin of Oregon that predicts how pore
water chlorinity, temperature, and crystallized hydrate evolve after the onset of steady
venting. Predictions are compared to observations at Ocean Drilling Program Site 1249. In the
preferred model, calculated gas hydrate saturation and chloride concentrations reach those
observed at depths less than 20 m below seafloor (bsf) under the southern summit of Hydrate
Ridge in ~650 years, and the vertical water flux must be less than 50 kg/m?/yr. Hydrate
accumulates more slowly between 20 m bsf and the base of the hydrate stability zone where
there is no free gas, accumulating to observed levels of a few volume percent of hydrate in 10°
to 10° years, depending on the water flux that is assumed through this zone. This dichotomy
means that the presently observed gas venting must have been diverted to this area ~650 years
ago, or be episodic and infrequent. If the gas venting for the last 650 years has been as
observed today, the latent heat of hydrate precipitation in the upper 20 m of sediments would
have caused the temperature to increase ~0.8°C at ~20 m bsf and ~0.2°C at ~100 m bsf. This
would have caused a ~5 m rise in the elevation of the base of hydrate stability zone, and
decreased the rate of hydrate crystallization from 1.5 kg CH,/m?/yr 650 years ago to 0.7 kg

CH,/m?/yr today.

Citation: Cao, Y., D. Chen, and L. M. Cathles (2013), A kinetic model for the methane hydrate precipitated from venting
gas at cold seep sites at Hydrate Ridge, Cascadia margin, Oregon, J. Geophys. Res. Solid Earth, 118, doi:10.1002/

jerb.50351.

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 and Koh, 2008].
Hydrate is extremely common over vast areas of the world’s
shelves and continental slopes, and in arctic permafrost.
Estimates of gas stored in hydrates vary between 0.2 and
120 x 101 m?® (STP) [Sloan and Koh, 2008], and a significant
portion of gas hydrate occurs in reservoirs from which
natural gas is technically recoverable [Johnson, 2011]. Gas
hydrate also plays a plausible role in submarine geohazards
and is an agent in global climate change [Kvenvolden,
1999; Maslin et al., 2010; Reagan and Moridis, 2008;
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Reagan et al., 2011; Ruppel, 2011; McConnell et al., 2012].
For these reasons, hydrates have been studied intensively
in the last few decades.

[3] The presence of gas hydrate has been inferred in a great
number of marine sites worldwide with bottom simulating
reflectors (BSR) [Hyndman and Davis, 1992; Sloan and
Koh, 2008; Kvenvolden and Lorenson, 2001]. The hydrate
stability zone (HSZ) is considered to be a two-phase zone
of water and hydrates that lies between the BSR and the sea-
floor [Chen et al., 2006; Xu and Ruppel, 1999; Zatsepina and
Buffett, 1997; Haacke et al., 2007]. Hydrates crystallize from
dissolved methane and other dissolved hydrocarbon gases.
Pore water movements and aqueous diffusion deliver these
gases to the HSZ [Davie and Buffett, 2001, 2003a, 2003b;
Xu and Ruppel, 1999; Rempel and Buffett, 1997; Haacke
et al., 2008]. In this conception, hydrates are considered to
be in thermodynamic equilibrium with the liquid-hydrate
(L-H) system in the HSZ [Xu and Ruppel, 1999; Zatsepina
and Buffett, 1997, 1998; Xu, 2004; Davie and Buffett,
2003a; He et al., 2006; Bhatnagar et al., 2007]. No free gas
is present, and hydrate accumulation is modeled by
superimposing heat and mass transport on the L-H thermody-
namic equilibrium [Rempel and Buffett, 1997; Xu, 2004; Xu
and Ruppel, 1999; Bhatnagar et al., 2007].

[4] In many gas hydrate locations, however, gas bubbles
are observed venting from the seafloor [Heeschen et al.,
2003; Leifer and MacDonald, 2003; MacDonald et al.,
2002; Ivanov et al., 2010; Riedel et al., 2006a, 2006b;
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Naudts et al., 2010]. The venting gas is usually associated
with mud volcanoes or salt diapirs and domes [Boetius and
Suess, 2004; Milkov, 2000; Sassen et al., 2003; Whelan
et al., 2005; Jerosch et al., 2007; Matsumoto et al., 2011].
At the gas venting sites, hydrates are present from the base
of the hydrate stability zone (BHSZ) to the seafloor [Sassen
et al., 2001; Chen and Cathles, 2003, 2005; Cathles and
Chen, 2004] and outcrop of the seafloor [MacDonald et al.,
2003; Riedel et al., 2006a, 2006b; Ivanov et al., 2007,
Simonetti et al., 2011; Torres et al., 2011]. Free gas coexists
with hydrate and water within the HSZ in these areas
[Bohrmann et al., 2002; Milkov et al., 2004]. The hydrate for-
mation in the liquid-hydrate-vapor (L-H-V) system requires
consideration of the kinetics of hydrate crystallization from
the venting gas [Chen and Cathles, 2003, 2005; Chen
et al., 2004; Cathles and Chen, 2004; Torres et al., 2004a].

[s] Two types of vent gas have been found on the conti-
nental shelf and slope that are easily distinguished by their
chemical and isotopic composition: thermogenic gas and
biogenic gas [Milkov, 2005]. Because the structure II
hydrates that crystallized from thermogenic gas have a
greater affinity for the heavier gases of ethane, propane,
and isobutane, the gas that vents from the seafloor has less
of the heavier hydrocarbon components than its source.
Using the compositional difference between the source gas
and venting gas, Chen and Cathles [2003] and Cathles
and Chen [2004] developed a compositional kinetic model
for the crystallization and dissolution of hydrate from a
thermogenic gas stream and applied it to the Bush Hill of
the Gulf of Mexico. Chen et al. [2004] suggested that at
any instance of time, thermogenic gas vents to the surface
through a number of channels at rates ranging from so slow
that nearly all the heavier hydrocarbon components are
crystallized as hydrate, to rates so fast that only a very small
fraction of these components are removed. Furthermore,
Chen and Cathles [2005] noted that if lateral losses of heat
are negligible, heat advection and the latent heat of hydrate
crystallization could significantly warm the subsurface,
reduce the hydrate stability zone thickness, and decompose
previously crystallized hydrate. However, lateral heat losses
can be significant enough that these changes in temperature
are greatly reduced or eliminated [Cathles et al., 2006].

[6] Hydrate also crystallizes from venting biogenic meth-
ane gas at seep sites such as the Haakon Mosby mud volcano,
the Black Sea mud volcano, the Malenki mud volcano of
Lake Baikal, and seeps on Black Ridge, Hydrate Ridge,
and Eel River Basin [Milkov, 2005]. The venting biogenic
gas is essentially pure methane, and there is thus no composi-
tional difference between the gas venting through the seafloor
and the deep source gas. Thus, neither the solubility-
temperature model for hydrate formation of the L-H system
[Xu and Ruppel, 1999; Zatsepina and Buffett, 1997] nor the
compositional kinetic model for the thermogenic gas
venting system [Chen and Cathles, 2003] can be used at
the biogenic methane gas venting system.

[7] Using the solubility-temperature (depth) equations of
the L-H-V system of methane gas, Torres et al. [2004a]
developed a one-dimensional, nonsteady state kinetic model
to simulate the chloride profile and hydrate distribution at the
southern summit of Hydrate Ridge. The observed gas hydrate
and chloride distributions, which increase abruptly above
20 m below seafloor (bsf), are primarily driven by a decrease

in effective overburden stress in the near surface sediments.
They showed that the transport of methane as a free gas phase
was necessary to produce the observed high chloride concen-
trations and showed that methane hydrate precipitates at
extremely fast rates (~1.6 kg CH4/m?/yr) where gas is pres-
ent. Massive gas hydrate deposits at the summit were formed
in less than 1500 years. The growth of the hydrate deposit
was probably arrested by the development of highly saline
fluids. The impact of changes in temperature was not consid-
ered in their model.

[8] Liu and Flemings [2006, 2007] developed a multi-
component, multiphase, fluid and heat flow model to describe
hydrate formation that accounts for the dynamic effects of
hydrate formation on salinity, temperature, pressure, and hy-
draulic properties. They showed that gas supplied from the
free gas zone beneath the hydrate layer depletes water and
elevates salinity until the pore water is too saline for further
hydrate formation. The pores with elevated salinity provide a
channel through which free gas can migrate across the HSZ.
They consider that the zone of three-phase stability extends
from the seafloor to 50m bsf at Ocean Drilling Program
(ODP) Site 1249 and suggest that there is a zone of three-
phase stability from the disrupted BSR to the ridge crest.
Their model ignores latent heat which might cause significant
temperature changes [e.g., Chen and Cathles, 2005].

[9] In this paper, we develop a kinetic model for gas hy-
drate crystallization from venting biogenic methane that
includes heat and ion diffusion. We use this model to inter-
pret the chloride, temperature, and gas hydrate saturation
profiles observed at ODP Site 1249 at the southern summit
of Hydrate Ridge. Our model shows that the rate of hydrate
precipitation is much higher in the L-H-V system than in the
underlying L-H system. To reach the observed chloride
concentrations, gas hydrate saturations, and temperatures,
the massive gas hydrate at the southern summit of Hydrate
Ridge must have formed within ~650 years, and the water
flux must have been less than ~50 kg/m?/yr. Increases in
subsurface temperature and salinity caused by hydrate pre-
cipitation probably decreased the rate of hydrate crystalliza-
tion from 1.5 kg CH4/m%/yr ~650 years ago to 0.7 kg CHy4/
m?/yr today.

2. Geologic Setting and a Conceptual Model

2.1. Geologic Setting

[10] The Hydrate Ridge is a 25 km long and 15 km wide
ridge in the Cascadia accretionary complex off the north-
western coast of the United States (Figure 1a). At the south-
ern summit of Hydrate Ridge, the water depth is ~800 m, the
temperature at the seafloor is 4.31°C, and seawater chloride
concentration is 0.558 mol/kg [Trehu et al., 2003]. Acoustic
images show a gas plume in the water column (Figure 1c)
[Heeschen et al., 2003], and gas bubbling has been directly
observed [Boetius and Suess, 2004; Torres et al., 2002;
Tryon et al., 2002]. Deep tow side scan sonar data show a
~300 x 500 m area of relatively high acoustic backscatter that
indicates seafloor venting [Johnson et al., 2003; Trehu et al.,
2004a]. A zone of near-surface, high-amplitude, chaotic re-
flections, which are correlated with high hydrate content,
was observed at the southern summit, and the lateral extent
of this seismic pattern is almost exactly coincident with the
areas of relatively high acoustic backscatter [Trehu et al.,
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(a) Location and tectonic setting of Hydrate Ridge on the accretionary complex of the Cascadia

subduction zone [Trehu et al., 2003]. (b) A bathymetric map of the region of Hydrate Ridge in the box
shown in Figure 1a. Leg 204 sites are shown along with their site numbers [ Trehu et al., 2003; Clague et al.,
2001]. (c) Acoustic image showing the free gas discharging at the southern summit of Hydrate Ridge
approximately at the location of ODP Site 1249 [Heeschen et al., 2003].

2004a]. This seismic pattern indicates the depth extent of
surface massive hydrate as described by Trehu et al.
[2003, 2004a].

[11] Free methane gas and high concentrations of hydrate
were observed in shallow sediments at the southern summit
of Hydrate Ridge [Torres et al., 2002; Trehu et al., 2004al.
Free gas was recovered in a pressure core collected and pre-
served at in situ pressure from 14 m depth at Site 1249 [Trehu
et al., 2003; Milkov et al., 2004). Heeschen et al. [2005]
determined that the flux of free gas at the southern summit
of Hydrate Ridge was ~1.9 kg/m?/yr across the 1.5 x 10° m?
area of Hydrate Ridge that contains 30%—40% of pore space
hydrate between the seafloor and 20 m bsf as indicated in
Figures 3a and 1c. The water flux at the southern summit of
Hydrate Ridge is localized and variable. At some discrete
gas release points, fluid rapidly escapes from conduits of
approximately 1 cm in diameter [Torres et al., 2002]. In the
~100m? seafloor that is covered by thick, dense microbial
mats, the water flux is from 100 to 2500 kg/m?/yr [Torres
et al., 2002; Tryon et al., 2002]. There are patches of clams

around the microbial mats where the water flux varies from
—100 kg/m? (downward flow) to 20 kg/m*/yr (upward flow)
[Torres et al., 2002; Tryon et al., 2002]. The rest area is
chemoherm or sediment covered [Tryon et al., 2002]).
Therefore, the amount of water flowing out of the sediments
is calculated to be 1x10%-2.5x10°kg/yr for microbial
mats and —1.0 x 10%-2.0 x 10° kg/yr for clam field (the area
of clam field is assumed equal to that of bacterial mat sites
according to a surface geological and environmental map
of Hydrate Ridge in the work of Tryon et al. [2002]). If
we spread the current venting from the bacterial mats and
clam sites over the area of subsurface hydrate accumulation,
the average present-day water flux for the whole area
(1.5x10°m?) of the southern summit of Hydrate Ridge
is ~0-2 kg/m?/yr.

[12] Hydrate was recovered from the above 20 m bsf at Site
1249 and by TV-guided grab sampling at the southern summit
of Hydrate Ridge [Boetius and Suess, 2004; Suess et al., 1999;
Torres et al., 2002; Trehu et al., 2003]. Pressure cores from
Site 1249 at 8 m bsf and 14 m bsf, respectively, had a hydrate
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Figure 2. Chloride concentrations and temperature at ODP Site 1247, ODP Site 1249, and ODP Site 1250
[Trehu et al., 2003]. (a) The measured chloride concentrations are close to seawater values at ODP Site
1247. (b) Chloride concentrations show very high values above ~20 m bsf of ODP Site 1249. Chloride con-
centrations measured from whole round samples (cycle) vary from 0.70 to 1.08 mol/kg above ~20 m bsf but
give way to seawater value below 20 m bsf. The square data points indicate dry-looking samples which
show very little gas hydrate dissociation, and the chloride of these dry-looking samples vary from 0.95
to 1.37 mol/kg above 20 m bsf, which is higher than the chloride content of the whole round samples and
wet-looking samples that are collected in areas where sediment is liquefied from gas hydrate dissociation
(triangles). (c) The chloride concentrations measured at ODP Site 1250 are higher than seawater value at
shallow depth, of which the highest value is 0.613 mol/kg. (d) The temperatures measured at ODP Site
1247 define straight line very well, from which the temperature gradient of 0.053°C/m is derived. (e)
Black dots indicate measured temperatures at ODP Site 1249. Here the temperature measured by advanced
piston corer temperature (APCT) tool has been revised through the inversion for best fit thermal conductiv-
ity and in situ temperature and added 0.51°C to temperature derived from APCT 11 for the calibration cor-
rection (detail described in Trehu et al. [2003]). The measured temperatures show positive anomalies
compared to the temperature profile (solid line) defined by the seafloor temperature at ODP Site 1249
and the regional thermal gradient of 0.053°C/m. (f) The temperatures display approximately linear profile
at ODP Site 1250.

saturation of ~45% (volume fraction of the pore space) [Trehu
et al., 2003; Milkov et al., 2004]. However, this hydrate satu-
ration was considered to be an overestimate, and 30%—40%
is a more reasonable estimate for the average gas hydrate con-
tent at the southern summit of Hydrate Ridge [Trehu et al.,
2004a], even though the gas hydrate saturation may occupy
more than 90% of the pore space across some centimeter-scale
intervals [Trehu et al., 2003; Milkov et al., 2004]. Pore water
samples were recovered from whole (round) cores, and the
chloride concentrations at above 20 m bsf are between 0.7
and 1.008 mol/kg [Trehu et al., 2003; Torres et al., 2004b].
In addition, some sediment samples retained their original
structure (dry-looking samples), whereas some sediment
samples had a “soupy” appearance (wet-looking samples).

Dry-looking samples may reflect high in situ chloride concen-
tration, which ranges from 0.9 to 1.37 mol/kg above 20 m bsf
[Trehu et al., 2003; Torres et al., 2004b].

[13] Below ~20 m bsf, gas hydrate saturation is only ~2%—
4%, and chloride values approach seawater concentration
[Trehu et al., 2004a]. At Site 1249, pore water chlorinity in
the dry-looking core samples at 21.12 and 21.38 m bsf are
0.566 and 0.601 mol/kg [Trehu et al., 2003], respectively,
which are very close to normal seawater values and very dif-
ferent from the chlorinity concentrations above ~20 m bsf.

[14] In situ temperatures measured at ODP Site 1249 at the
southern summit of Hydrate Ridge are shown in Figure 2¢. We
believe that this temperature has been increased by heat advec-
tion and the latent heat of hydrate crystallization. There is no
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(a) A seismic cross section at southern Hydrate Ridge [7rehu et al., 2003] shows a BSR at the

bottom of a gas hydrate zone at ~115m bsf. Gas appears to flow upward through Zone A and could be
diverted across Zone C by the near-surface low-permeability carbonate layers at Pinnacle (location of
ODP Site 1250). The gas hydrate saturation in Zone C is 30%—40%, and 2%4% in Zone B [Trehu
et al., 2004a]. In our modeling, we assume that gas is present in Zones A and C (both are L-H-V systems),
but gas is absent in Zone B which is an L-H system. (b) A schematic diagram of the flow of gas and water
that we model. Free gas and water flow upward from Horizon A to 20 m bsf and are then diverted laterally
along the 20 m bsf horizon where they leak upward into Zone C [Milkov and Xu, 2005; Liu and Flemings,
2006]. Methane dissolves in pore water and diffuses downward into the hydrate stability zone (HSZ) from

the bottom ~20 m bsf.

active fluid venting 800 m northwest of Hydrate Ridge at
ODP Site 1247 (Figure 1). The gas hydrate saturation there
is 2%—4%, and the chloride concentration is very close to
the seawater value. Therefore, the thermal gradient of
0.053°C/m (Figure 2d) estimated from the in situ tempera-
ture at this site is probably much closer to the background
thermal gradient. The temperature (solid line in Figure 2¢)
defined by the seafloor temperature at ODP Site 1249 and
the background thermal gradient of 0.053°C/m are signifi-
cantly lower than the measured values at ODP Site 1249
(Figure 2¢). This suggests that fluids moving upward at
ODP Site 1249 have increased the subsurface temperature
at the southern summit of Hydrate Ridge.

2.2. Conceptual Model

[15] Milkov and Xu [2005] and Liu and Flemings [2006]
suggested that gas and water from Horizon A flow vertically
beneath the Pinnacle near ODP Site 1250 and are then
diverted laterally toward the South Ridge summit near ODP
Site 1249 (see Figures 1c and 3a). We simplify this sugges-
tion as shown in Figure 3b by assuming that free gas and
water vent flow vertically in Zone A to 20 m bsf and then
move laterally at a depth of 20 m bsf (the boundary between
Zones B and C) while at the same time leaking vertically
through Zone C. There is no free gas in Zone B, but there
is a vertical flow of water. We allow for biogenic methane
production in Zone B and Zone C.

[16] Our method is to determine the water and gas flux
coming from Zone A by extrapolating downward to 20 m
bsf from the water and gas fluxes observed on the seafloor.
We set the surface gas flux at the 1.9 kg/m?/yr rate deter-
mined by Heeschen et al. [2005] and determine the surface
water flux that is compatible with observed temperature and
chloride profiles through modeling. The temperature and
chloride concentration of the fluids that migrate from Zone
A to Zone C at 20 m bsf are considered to be those measured
at ODP Site 1250. We set the water flux at the base of the

hydrate stability zone (Zone B) to 0.5 kg/m?/yr, according
to the water flux estimated for the seaward-most 18 km of
Cascadia accretionary prism by Carson and Westbrook
[1995]. We set the biogenic methane production in Zone C
and Zone B at 6.8 x 10~ ®kg/m®/yr based on Colwell et al.
[2008]. The hydrate accumulation, water salinities, and tem-
perature change in Zones B and C can be computed as a func-
tion of time for these fluxes, considering also the diffusion of
dissolved methane, and the comparison of the calculated
profiles to observations constrains (for a reasonable range
of water fluxes in Zone C) the length of time that gas and
water flow has been diverted along the 20 m bsf horizon.

3. Numerical Model

[17] The rate of methane, water consumption, and heat
release are proportional to the hydrate growth rate. The
rate of methane consumption due to hydrate crystallization
is determined by a first order rate equation [Chen and
Cathles, 2003]:

Rg:—k~AX~exp(%<% - %))-qﬁ(l — s O

where R, (kg/m?/yr) is the rate of methane consumption per
unit volume sediment, k (kg/m>/yr/mol) is the rate constant,
AX (mol/kg) is the driving force calculated from difference
between the local dissolved methane concentration and the
methane concentration that would be in equilibrium with
hydrate as described below, E is the activation energy of
the reaction, R is the gas constant (we take £/R =10,000 K),
T* is an arbitrary reference temperature (taken to be
273.15K), T (K) is the temperature (converted to degrees
Celsius below), ¢ is the porosity of the sediment, and S, is
hydrate saturation (volume fraction of the pore space filled
with gas hydrate). The term of ¢ - (1 — S,,) is added to the ex-
pression of Chen and Cathles [2003] so that the reaction
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stops when the pore space is filled. Kinetic dependence on
pore space indicates that the presence of more gas and water
per unit volume of sediment will support a higher hydrate
crystallization rate.

[18] In the L-H-V system above 20 m bsf (Zone C), the
driving force is determined by the deviation from the
three-phase equilibrium conditions for the gas hydrate
crystallization process [Englezos et al., 1987a, 1987b;
Clarke and Bishnoi, 2000, 2001; Giraldo et al., 2013] de-
fined by AX =Xt — XLH=V where X577 (mol/kg)
is the methane concentration in equilibrium with methane
gas (the L-V system) under local temperature and pressure,
calculated as described by Duan et al. [1992]; X~ (mol/kg)
is the methane solubility in the L-H-V system at the three-
phase equilibrium pressure corresponding to the local
temperature, which is calculated by using a data-fitting
empirical equation developed by Anderson [2004] as de-
scribed by Chen et al. [2006].

[19] In the L-H system below ~20 m bsf (Zone B), there is
no free gas, and the driving force is determined by the
deviation from methane solubility in equilibrium with
hydrate in the L-H system [Davie and Buffett, 2003a].
Thus, AX = X,, — X%, where X,, (mol/kg) is the methane
concentration that results from methane diffusion, advection
of pore water with dissolved methane, methane biogenic pro-
duction, and hydrate formation as described in equation (10)
below, and X% (mol/kg) is methane solubility in equilib-
rium with hydrate in the L-H system as described by Davie
et al. [2004].

[20] The hydrate growth rate is related to the rate of meth-
ane consumption:

M,
nh-Mg 8

A, = )

where 4, (kg/m>/yr) is the mass of hydrate that forms per unit
volume of sediment per year, M), and M, (kg/mol) are the hy-
drate and methane molecular weights (taken M, =0.1223 kg/
mol [Torres et al., 2004b] and M,=0.016 kg/mol), and n, is
the moles of CH,4 per mole of hydrate and n;,=1.

[21] The rate of water consumption, 4,, (kg/m>/yr), and the
rate of heat release, 47 (J/m’/yr), are related to the rate of
hydrate formation:

My, — njy-Mg
4, =—"—"—L.R,, 3
" ny-Mg £ ®)

M,
Ar = A,-H = — R.-H 4
T h nh‘Mg g ; ( )

where H is the latent heat of hydrate crystallization and disso-
ciation (H=416,000 J/kg; Rueff et al. [1988]).

[22] Methane precipitates as hydrate (R,), which depletes
methane, but methane can also be generated by biogenic re-
actions, so the total source term for methane, 4 (kg/m3/yr), is

Ay = Ry + By, )

where B, (kg/m?/yr) is the rate of biogenic methane produc-
tion (<6.8 x 10~ kg/m*/yr; Colwell et al. [2008]).

[23] The porosity is assumed to decrease exponentially
with depth:

b=, + (¢70 - ¢/')'eXP(*0ﬂ'Z)- (6)

[24] Here ¢is the porosity at infinite depth, ¢y is the po-
rosity at zero depth, a (m™') is an attenuation coefficient,
and z (m bsf) is sediment depth [Torres et al., 2004b]. The
sediment pores are filled with gas, hydrate, and water, so
S, +Sg+S,=1. Here Sg and ), represent gas and water sat-
uration, which are volume fractions of the pore space filled
with gas and water, respectively. Changes in hydrate satura-
tion can be described by the following equation:

Sy A

o ;h7 (N

¢
where p,, (kg/m®) is density of hydrate, which is taken to be
912 kg/m?> [Sloan and Koh, 2008], and ¢ (year) is the time.
[25] Above 20 m bsf, we assume methane transported as
free gas only, and we ignore the diffusion of dissolved meth-
ane because it is very small compared with that transported as
free gas. When methane gas migrates from deep sources
along conduits toward the seafloor, methane gas partially
forms gas hydrate and partially fills the pore space of the sed-
iments, and the remaining methane gas emanates from the
seafloor. Milkov et al. [2004] estimated the pore space at
14 m bsf at Site 1249 had 40% gas hydrate and 10% free
gas, showing that the gas hydrate contains much more meth-
ane than the methane gas which fills the pore space.
Therefore, we can ignore the amount of methane gas that fills
the pore space and only consider the methane that forms gas
hydrate and emanates from seafloor. In our calculations, we
assume the gas pore fraction is constant (S,=0.1) in the
Zone C (z=0-20m bsf) and that S;=0 in Zone B (z>20m
bsf). We take ¢® and ¢" to be positive upward. The gas fluxes
at any location are calculated from the gas flux, ¢¢ (kg/m*/yr),
at the seafloor (z=0m bsf):

= {q§ - (I)Agdz (z<20) 7 ®)

0 (z>20)

[26] Here g§=1.9 kg/m?/yr, the average observed gas flux
at the southern summit of Hydrate Ridge as determined
by Heeschen et al. [2005].

[27] Due to the density difference between water and
hydrate, there is a volume change of hydrate formation which
produces a divergence of water flow. However, the density
difference is relatively small and water flux can be assumed
to be a constant value [Rempel and Buffett, 1997]. The water
flux is calculated as

q" = %
4520

where g (kg/m?/yr) is constrained by the observed chloride,
hydrate, and temperature profiles observed at ODP Site 1249,
as discussed in section 4 below.

(2<20)

(z >20)’ ©)
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Table 1. Parameters Used in Calculation at ODP Site 1249 at the Southern Summit of Hydrate Ridge

Parameters Value References

Water depth (m) 778 Trehu et al., 2003

1, length of system, depth at Horizon A (m bsf) 150 Trehu et al., 2004b, 2003
d, depth of vent hydrate system (m bsf) 20

a, attenuation coefficient (m ) 14x10°° Torres et al., 2004b
¢o, porosity at seafloor sediment 0.687 Torres et al., 2004b
@z porosity at infinite depth 0.542 Torres et al., 2004b

g5 gas flux (kg/mz/gr) across 10° m” area

qy ,water flux (kg/m”/yr] across 10" m" area

By, rate of biogenic methane production (kg/ms/yr)
T, temperature at seafloor (°C)

G, thermal gradient at ODP Site 1247 (°C/m)

X ?,1, seawater chloride concentration (mol/kg)

1.9 Heeschen et al., 2005
0-2 Torres et al., 2002; Tryon et al., 2002

6.8x10° Colwell et al., 2008
431 Trehu et al., 2003
0.053 Trehu et al., 2003
0.558 Torres et al., 2004b

[28] There are discontinuities of methane gas flux and
water flux at 20 m bsf because of the lateral inflow of gas
and water from Zone A to Zone C. The lateral influx of gas
(¢%_c [kg/m?/yr]) and water (¢"_. [kg/m*/yr]) at 20 m bsf
are given by ¢5_~ = ¢°_,pandq’y_~ = q_»o — g% 5 TESPEC-
tively. Below 20 m bsf, there is no free gas and ¢5_,, =0kg/
m?/yr. Based on the long-term total pore volume loss, the
regional rate of water expulsion from the seaward-most
18 km of the Cascadia accretionary prism is estimated to be
between ~0.9 and 0.1 kg/m*/yr [Carson and Westbrook,
1995]. We set the water flux ¢ ,, (kg/m?/yr)=0.5 kg/m?/yr
in Zone B (below 20 m bsf).

[29] Methane dissolved in pore water is transported by dif-
fusion and advection as described by the following equation:

a o Dy 3(p,-Xn)
S bp. X)) == Sy-p- = DLwm)
o1 (S puXn) az<S b T e )

o, .,
+2, (4" X)) + Ag /M. (10)

[30] Here p,, (kg/m?) is water density and we set p,, = 1030
kg/m® [Torres et al., 2004b]. D,, (m?/yr) is diffusion coeffi-
cient of methane in water (taken 0.03 m%*/yr; Davie and
Buffet [2001]), and @ is tortuosity which is related to water sat-
uration by Archies law: 8°=(S,,- ¢)~ ' [Torres et al., 2004b].

[31] Changes in the chloride concentration of pore water,
X_; (mol/kg), are constrained by the chloride mass balance
equation:

8 o a DCl a(pw'XCl)
ot (pw Sw ¢Xcl) - oz (Sw ¢ 92 oz
o, .,
+7Z(qW'Xcl)7 (11)

Where D, (m?/yr) is diffusion coefficient of chloride in water
(taken 0.03 m?/yr; Davie and Buffet [2001]).

[32] Finally, temperature changes are constrained by heat
balance:

(12)

pmcm'

or @ (A_"LT

or
“S_v s ). L
o oz az)+(cgq +awd") 5 A

0z
where 4 (J/m/°C/yr) is the thermal conductivity, which we set
at 3.15 x 107 J/m/°C/yr [Trehu et al., 2003], p,uc,, (J/m>/°C)
is the heat capacity of porous media, ¢, and c,, (J/kg/°C) are
the heat capacity of gas and water [c,=3000J/kg/°C,
¢,,=4200J/kg/°C, Chen and Cathles, 2005], and

pmcmZCW'SW'pw'd) + ch'ph'Sh'¢ + CS'ps'(l - ¢)7 (]3)

where ¢, (J/kg/°C) and ¢;, (J/kg/°C) are the heat capacities of
sediment and hydrate (c,=22001J/kg/°C, ¢, =2080 J/kg/°C;
Davie and Buffett [2001]).

o k=6.0,=330
2
g — k=3.0,t=650
=1
S — k=1.0,t=1800
[a)
—— k=0.3,t=6400
(a) (®) (0 (d
0.5 1 5 10 0.05 0.1 0.15 0 0.5
Cl(mole/kg) Temperature(°C) CH,(mole/kg) GH

Figure 4. Measurements at ODP Site 1249 from Trehu et al. [2003] compared to calculated values.
(a, b, ¢, and d) Calculated chloride concentration, temperature, methane concentration, and gas hydrate
saturation profiles for hydrate formation rate constant k=0.3, 1.0, 3.0, and 6.0 kg?/m>/yr/mol when gas
hydrate saturation at 0-20 m bsf reaches the measured value of ~40%. In all calculations, the seafloor
water flux g5 =0.5 kg/m?/yr. At k=3.0kg*/m*/yr/mol, the calculated temperature profile closely fits the

measured values.
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Figure 5. (a) Chloride concentration, (b) temperature, (c) methane concentration, and (d) gas hydrate sat-
uration profiles at ODP Site 1249 calculated for k=3 kg?*/m*/yr/mol and #= 650 years for qy =0.5, 5, and
50 kg/m?/yr are compared to measurements by Trehu et al. [2003]. The calculated chloride concentration
profiles fit the measured data when ¢ =0.5, and 5 kg/m?/yr but are lower than the measured value at qy
=50kg/m?/yr. The similarity of the temperature profiles for qy =0.5, 5, and 50 kg/m?/yr indicates that
the latent heat of hydrate precipitation is the main factor that increases the temperature.

[33] As illustrated in Figure 3b, these equations are solved
subject to the following initial and boundary conditions:

[34] 1. The gas hydrate saturation is set to 0 at 0—150 m bsf
at t=0 (Sy(z,t=0)=0);

[35] 2. The initial methane concentration between 20 m bsf
and the BHSZ is assumed to the methane solubility in the
L-H system (X,,(z,0) = X5~ (z,0)). There is a free gas at
20 m bsf and at the BHSZ, and the methane concentration at
the boundaries of Zone B are the dissolved methane concen-

trations which are in equilibrium with free gas:

Xn(z = 20,t) = X5V(z2=20,1),X,(z=BHSZ,t)

=XtV (z = BHSZ,1). (14)

At t=0, the calculated methane concentration is 0.113 mol/
kg at 20m bsf and 0.110 mol/kg at the BHSZ. Since the
temperature at the boundaries can vary with time as heat is re-
leased by hydrate crystallization, these boundary conditions
are a function of time.

[36] 3. We assume initial temperature, 7(z,0)=Ty+z- G;,
where G;=0.053°C/m as measured at ODP Site 1247
[Trehu et al., 2003]. We assume the surface temperature,
T,, is constant at 4.31°C as measured at ODP Site 1249
[Trehu et al., 2003]. We assume that the temperature at
150 m bsf, which is the depth of Horizon A at the southern
summit of Hydrate Ridge [Trehu et al., 2004b], is constant
and equal to 12.3°C (which is the temperature predicted by
a surface temperature of 4.31°C and a temperature gradient
0f 0.053°C/m, see Figure 2¢):

T(z=0,1)=431,T(z=1,1) = 12.3. (15)

[37] 4. Similarly we assume the initial and boundary condi-
tions for chlorinity:

X('/(Zvo) :Xglv (16)

Xa(z=0,0) =X", Xu(z=1,1) = X°, 17)

cl»

where the surface chlorinity X% =0.558 mol/kg is the mea-
surement at ODP Site 1249 bottom water [Trehu et al.,
2003; Torres et al., 2004b].

[38] 5. At 20 m bsf, water and gas migrate from Zone A to
Zone C, and equations (11) and (12) cannot be used to calcu-
late the chloride concentration and temperature at this depth.
Migration of water and gas from Zone A to Zone C is needed
to be considered in calculation of temperature and chloride
concentration at 20 m bsf:

or 0 (/1 6T> or

en e @\ a) T e )
+(Cg"]§pc + Cw'q;rfc)‘(TA—C — T) + Ar
OpySu-b-Xer) _ 0 Dy 0(p,,-Xar)
S T e (S,
ot oz ¢ oz
(z=20). (19)

42520 % + i (X —Xa)

In these equations, X fl’c (mol/kg) and T, _ ¢ (°C) are the
temperature and chloride concentration of the fluid laterally
flowing from Zone A at 20m bsf. Here X% C is set to
0.613 mol/kg, which is the highest chloride concentration
measured at ODP Site 1250. T, _ ¢ is temperature extrapo-
lated to 20 m bsf according to the temperatures measured at
ODP Site 1250 (Figure 2f).

[39] We use the Crank-Nicolson finite difference to solve
the 1D equations described above. The time step used is
0.1 year and space is discretized at 0.1 m. The parameters
used are listed in Table 1.

4. Application to the Southern Summit of
Hydrate Ridge

[40] Figure 4a compares dissolved chloride concentrations,
calculated for g = g!".,, = 0.5kg/m*/yr and combinations
of k values (from 0.3 to 6.0 kg*/m*/yr/mol) and simulation
times (between 330 and 6400 years) that yield gas hydrate
saturations above 20m bsf of ~40% (Figure 4d). All the
combinations produce calculated chloride-depth profiles that
match the observed data. The combinations also predict the
observed temperature profiles. At & values significantly
above 3.0kg?/m’/yr/mol, the rate of heat generation by
hydrate crystallization produces temperatures that are too
hot to be compatible with the temperature measured by
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Figure 6. The changes in (a) chloride concentration, (b) temperature, (c) gas hydrate content, (d) gas flux,
and driving force (e) above 20 m bsf and (f) below 20 m bsf with time at ODP 1249 for k = 3 kg?/m*/yr/mol
at 0, 200, 400, and 600 years. Chloride concentration and gas hydrate saturation monotonically increase
with time in the upper 20 m, but no obvious change occurs below ~20m bsf in Figures 6a and 6c.
Temperature increases rapidly at the first ~200 years, especially at the shallow depth, but changes little
thereafter in Figure 6b. The gas flux at seafloor is set to be a constant value of 1.9 kg/m?/yr and increases
downward in Figure 6d. The driving force above 20 m is the difference between X ,Ln’V (solid lines) and
XE-H=V" (dashed lines) and decreases with change in temperature and chloride concentration in
Figure 6e. The driving force becomes negative below 21.5 m bsf in Figure 6f. The curves of methane con-
centration (solid lines) coincide below ~21.5 m bsf due to extremely low methane supply rate, assuming
that no gas hydrate is initially present. In contrast, X-~# (dashed lines) increases with temperature, which
results in the driving force becoming negative values in Zone B, except between 20 and 21.5 m bsf where

downward methane diffusion occurs.

Trehu et al. [2003]. At k values below 3.0kg?*m®/yr/mol
(long durations of venting), the temperatures are lower than
all the data points except the one at 32.5 m bsf, suggesting
that the duration of venting is not more than ~1800 years.
[41] In order to distinguish the best fit temperature, we also

10
calculate the sum of the absolute residuals 4, = Y |T; — T,
=1

where T; is the measured temperature [Trehu et al., 2003],
and Ty is the corresponding simulated temperature at the
depth of 7). The residuals are 3.28°C, 2.62°C, 1.52°C, and
3.64°C for k=0.3, 1.0, 3.0, 6.0 kg?/m>/yr/mol, respectively.
The lowest residual for k=3.0kg?/m>/yr/mol at 650 years
also best fits the measurements (black dots; Trehu et al.
[2003]) as shown in Figure 4b.

[42] The methane concentration in the upper 20 m is set to
a methane solubility of the liquid-vapor (L-V) system, X%~",
and the methane concentrations evolve as shown in
Figure 4c. Below 20 m bsf, the methane concentrations are
almost the same. It can also be seen from Figure 4d that the
hydrate accumulation is much greater above 20 m bsf (where
free gas is present) than below 20m bsf (where only
dissolved methane is present and there is no free gas). The

introduction of hydrate by diffusion across the 20 m bsf hori-
zon produces hydrate accumulation only slightly into Zone B
(rounding of curves).

[43] Figure 5 shows the calculated chloride concentrations,
temperature, methane concentration, and hydrate saturation
profiles at ODP Site 1249 for k=3 kg®/m>/yr/mol and a simu-
lation duration of 650 years for various assigned values of sur-
face water flux: gy =0.5, 5, and 50 kg/m?/yr. The calculated
chloride concentrations match the measured values quite well
for gy =0.5, and 5 kg/m?/yr (Figure 5a). The calculated chlo-
ride concentrations lie below the observed range for g¢g
=50 kg/m?/yr because the chloride in the pore fluid is removed
by the water flow faster than it is produced. The calculated
temperature curves almost coincide for ¢y =0.5, 5, and
50kg/m?/yr, and the A, values are calculated to ~1.53°C,
1.52°C, and 1.59°C, respectively. The Pelect number is calcu-
lated to 0.13 for the Zone C when g}/ is set to 50 kg/m*/yr.
Thus, the water flux is not high enough to increase temperature
and the elevation of temperature is mainly ascribed to the fast
hydrate crystallization at above 20m bsf. The calculated S,
above ~20m bsf is almost identical in all cases (~40%,
Figure 5d). We conclude that the average surface water flux,
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Figure 7. The BHSZ rises ~5 m, and the integrated meth-
ane consumption rate decreases from ~1.5 kg CH,/m?/yr to
~0.7 kg CH,/m?/yr as a result of the temperature and chloride
concentration changes.

qY, is probable <~5 kg/m?/yr and not more than 50 kg/m*/yr;
otherwise, the simulated chloride would be lower than the
measured values. Our calculated water flux of gy <50 kg/
m?/yr is similar to the estimate of 0—2 kg/m?/yr from the mea-
surements of Torres et al. [2002] and Tryon et al. [2002].
[44] Figure 6 shows how chloride concentration, tempera-
ture, hydrate saturation, gas flux, and driving force change
with time for the k=3 kg*/m*/yr/mol, g =5 kg/m*/yr cases.
The chloride concentration and gas hydrate saturation keep
increasing (Figures 6a and 6c¢). The temperature increases
rapidly for the first 200 years but changes very little thereafter
(Figure 6b). At this point, the heat released by hydrate forma-
tion is equal to the heat loss due to thermal conduction and
advection. The temperature reaches its maximum value at
shallow depths at ~200 years. For example, at ~20 m bsf,
the maximum temperature increase is ~0.8°C at 200 years,
and thereafter the temperatures decrease slightly. At depths
greater than ~20 m bsf, the temperature continues to slowly
increase (Figure 6b). At ~600 years (present day in the simu-
lations), the temperature has increased ~0.2°C at ~100 m bsf,
which causes the BHSZ to rise from 116 m bsfto 111 m bsf
(Figure 7). The increases in temperature and chloride concen-
tration cause the driving force in the upper 20 m to decrease

(Figure 6e) and cause the integrated methane consumption
BHSZ

rate, | —R,dz (kg/m?/yr), to decrease from 1.5kg CH,/
0

m?/yr at 650years ago to 0.7CHjkg/m?/yr today
(Figure 7). The temperature elevation in Zone B also in-
creases methane solubility in equilibrium with the hydrate
in the L-H system, requiring higher dissolved methane to
form gas hydrate in Zone B. In contrast, the rate of methane
supplied by diffusion and water advection is extremely low,
and the calculated methane concentration changes very little
in the last ~600 years (Figure 6f). Thus, the driving forces
become increasingly negative with time below 21.5 m bsf,
and gas hydrate cannot form.

5. Discussion

[45] Our calculations show that the surface water flux must
be <50kg/m?/yr at the southern summit of Hydrate Ridge;
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otherwise, the chloride concentration would be much lower
than the measured values. The water flux of <50 kg/m?*/yr
is too low to perturb the temperature (Figure 5b). As water
advection of 50 kg/m?/yr has no effect on temperature, and
the heat capacity of water is significantly higher than gas,
the temperature would not be influenced by gas advection
even if we set a gas flux to 50 kg/m?/yr at seafloor, which is
20 times higher than the average gas flux of 1.9 kg/m*/yr at
the southern summit of Hydrate Ridge [Heeschen et al.,
2005]. Liu and Flemings [2006] also found that advection
of heat by gas flow can be neglected, but latent heat of
hydrate formation may cause significant derivation from the
linear thermal gradient in a one-dimensional model at the
southern summit of Hydrate Ridge. Our calculation also
shows a significant temperature deviation by latent heat of
hydrate formation assuming that the lateral heat loss is small
compared to vertical heat loss.

[46] Cathles et al. [2006] derived a dimensionless vent
number N, to estimate the axial temperature changes caused
by vertical heat advection in vent zones of planar or cylindri-
cal shape. Temperature perturbations are minimal for
N, <0.1. For N, > 2, the temperature profile along the vent
zone axis follows the 1D steady state advection profile, and
horizontal heat losses are negligible. The vent number can
be calculated from the ratio of the net rate of heat advected
into the base of vent at time t, ¢"c,(T20 — To), to twice the

maximum rate of horizontal heat loss at time t, 27-7,-d-
Tl
C

(/1~C/ L t) [(Tao — To)/2] [Cathles et al., 2006]. Here

r, is the radius of vent area, d is the depth of the vent hydrate
system, and the calculation of C is [Cathles et al., 2006]

log,,C = 0.2734 + 0.2068f + 0.0314> — 0.00134°

20
B = logyo(t-4/ (pmen-72)). 0

[47] The vent number for water flow at gy =5 kg/m?/yr
through a 20 m thick layer with an area having a radius of r, =
150 m (approximately the 300 x 500 m” area where massive
gas hydrate occurs, and gas is venting at the southern
Hydrate Ridge) is 0.25 for t=650years. This suggests that
the water flow could warm the system very little in
~650 years. However, the latent heat of hydrate precipitation

caused by the introduction of methane gas in the 20 m thick
20

layer introduces heat at a rate (| Ardz =~4.7 x 10° J/yr/m>
0

at t=0 and ~2.2 x 10°J/yr/m? at t=650years), which at
650 years is over 50 times greater than that introduced by
water advection ( ¢,qh (T2 — To) =~2.2%10%J/yr/m* at
t=0 and 4.1 x10*J/yr/m> at t=650years). If this heat

generation rate is substituted into the vent number expres-
20

sion by Cathles et al. [2006], the vent number ( [ Ardz/
0

(Z-n-rv-d- (i-C/ p’;f t) (T — To)/Z}) ) is increased
50fold, and has a value of ~13.4 at t=~650 years, which is
much larger than 2.0. This indicates that we can ignore the
horizontal heat loss, and our calculated temperature from
one dimensional model developed here is valid for the
southern summit of Hydrate Ridge.
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[48] The most surprising result of the modeling is the
strong contrast in accumulation time for hydrate above and
below ~20 m bsf. In the gas-bearing zone above 20 m bsf,
high levels of hydrate were accumulated in ~650 years,
whereas in the gas-free Zone B, gas hydrate precipitation is
just limited to ~1.5 m below 20 m bsf. Gas hydrate in Zone
B (2%-4%) cannot form in the last ~650 years. According
to Rempel and Buffett [1997], the rate of gas hydrate satura-
tion increase in L-H system is

axL
W m
oS ho_ q Oz
ot

(X - X))

where X (mol/kg) is the methane concentration in gas
hydrate and (XZ —an’H)ZXfZ = A'/’,—’/ = 8.2 mol/kg. Here
8Xa’2 " is calculated to 3.0-4.5x 10~ mol/kg/m. The water flux
where no active gas vent occurs is estimated to 0.9-0.1 kg/m?/
yr [Carson and Westbrook, 1995]. Thus, % is between
1.0x107 % and 1.0 x 10~ 7 yr~!, and to accumulate 2%4% of
the pore volume fraction of hydrate observed there, 10°—
10 years is required. However, uranium-thorium (U-Th) dating
of authigenic carbonate at the southern summit of Hydrate
Ridge gives ages from 800 to 6400 years and lie mainly be-
tween 1200 and 4700 years [Teichert et al., 2003]. These ages
are much older than the ~650years required to match the
observed chloride and hydrate concentrations in the above
~20 m bsf but much shorter than the times required to accumu-
late the observed hydrate accumulations below ~20 m bsf.

[49] There are several possible explanations for this dichot-
omy: gas could have recently started venting, or its venting
might be brief and only occasional. Comparison of seismic
reflection between 2000 and 2008 also shows that the gas
venting is episodic [Bangs et al., 2011]. It could also be that
it vents in a much more focused fashion than the underlying
regional water flux, and a particularly hydrate-rich portion of
the shallow system has been sampled.

[s0] Our calculation shows that hydrate can precipitate very
quickly in gas-bearing zones, and its saturation can reach
30%—40% within ~650 years. Laboratory studies show that
the methane gas consumption rates are about 10* kg/m*/yr in
a short time scale from hours to days [Englezos et al., 1987a;
Linga et al., 2012; Giraldo et al., 2013]. This rate is much
faster than our estimated value, which might result from the
differences between geological and experimental settings.
Previous studies indicate that methane gas or methane-rich
fluids vented ~10,000 years ago at Pinnacle (ODP Site 1250)
and then diverted to the summit area as the pathways became
choked with hydrate and authigenic carbonate [Milkov and
Xu, 2005]. Below ~20 m bsf, the gas for hydrate formation is
supplied only through biochemical production and diffusion
of methane dissolved in water. To reach the 2%—4% of hydrate
saturation, hydrate accumulations observed below ~20 m bsf
requires between 10° and 10° years, depending on the water
flux. Therefore, the gas hydrate below ~20 m bsf probably
started accumulating at the southern summit of Hydrate
Ridge before gas venting started there ~10,000 years ago.

(2]

6. Conclusion

[5s1] A 1D model is used to analyze the temperature, chloride,
and hydrate depth profiles observed under a 1.0 x 10> m? area
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around ODP Site 1249 at the summit of Hydrate Ridge by
extrapolating the observed surface gas and water fluxes to
20 m bsf where it is assumed that gas is diverted from an
adjacent locality (the Pinnacle at ODP Site 1250). The
modeling analysis indicates that the observed 30% to 90%
increase in pore water chlorinity, the temperature increase
of ~0.8°C, and the 30% to 40% gas hydrate saturation at
the summit were produced in ~650years. For shorter
venting and hydrate accumulation durations, the tempera-
tures produced are too great, and for longer accumulation
durations, the temperature increase is not great enough.
The water flux at 20 m bsf is probably <5 kg/m?*/yr and can-
not be higher than 50 kg/m”/yr, because for higher water
fluxes, the levels of chloride could not have been obtained.
This water flux is similar to the preliminary estimate based
on the measurements by 7ryon et al. [2002] and Torres
et al. [2002]

[52] The latent heat of hydrate crystallization was the main
cause of the increases in temperature. The temperature in-
crease produced a ~5 m rise in the base of the hydrate stabil-
ity zone and decreased the rate of hydrate accumulation by
almost 50% over the 650 years accumulation period. The
2% 4% of hydrate saturation below 20 m bsf requires be-
tween 10° and 10° years of accumulation, assuming that the
water venting into the base of the hydrate stability layer
was saturated with methane.

[53] The modeling suggests that hydrate accumulated rap-
idly under kinetic control when a stream of free methane gas
was diverted to the summit area of Hydrate Ridge ~650 years
ago. The rate of hydrate accumulation was reduced as tem-
perature and chloride concentrations increased, and hydrate
accumulated between the seafloor and 20 m bsf.

[54] Acknowledgments. This study used data provided by the Ocean
Drilling Program. Funding for this study was supported by the Chinese
Academy of Sciences (grant KZCX2-YW-GJ03), Chinese National Science
Foundation (grant 91228206), GIGCAS 135 Program (grant Y234021001).
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