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Abstract

Extensive deposits of methane hydrate characterize Hydrate Ridge in the Cascadia margin accretionary complex.
The ridge has a northern peak at a depth of about 600 m, which is covered by extensive carbonate deposits, and an
800 m deep southern peak that is predominantly sediment covered. Samples collected with benthic instrumentation
and from Alvin push cores reveal a complex hydrogeologic system where fluid and methane fluxes from the seafloor
vary by several orders of magnitude at sites separated by distances of only a few meters. We identified three distinct
active fluid regimes at Hydrate Ridge. The first province is represented by discrete sites of methane gas ebullition,
where the bulk of the flow occurs through channels in which gas velocities reach 1 m s~!. At the northern summit of
the ridge the gas discharge appears to be driven by pressure changes on a deep gas reservoir, and it is released
episodically at a rate of ~6x10* mol day~! following tidal periodicity. Qualitative observations at the southern peak
suggest that the gas discharge there is driven by more localized phenomena, possibly associated with destabilization of
massive gas hydrate deposits at the seafloor. The second province is characterized by the presence of extensive
bacterial mats that overlay sediments capped with methane hydrate crusts, both at the northern and southern
summits. Here fluid typically flows out of the sediments at rates ranging from 30 to 100 cm yr~'. The third province is
represented by sites colonized by vesicomyid clams, where bottom seawater flows into the sediments for at least some
fraction of the time. Away from the active gas release sites, fluid flows calculated from pore water models are in
agreement with estimates using published flowmeter data and numerical model calculations. Methane fluxes out of
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mat-covered sites range from 30 to 90 mmol m~2 day~!, whereas at clam sites the methane flux is less than 1 mmol

m~2 day~!.
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1. Introduction

A seismic reflection survey on the Oregon con-
tinental margin indicates widespread presence of
gas hydrates beneath the mid- and lower slope
sections of this accretionary margin [1]. The bot-
tom simulating reflector (BSR) is especially well
developed beneath Hydrate Ridge [2], a 25 km
long and 15 km wide ridge characterized by a
northern peak at a depth of about 600 m, and a
southern peak at approximately 800 m (Fig. 1).
The northern summit represents a more mature
stage in the evolution of these ridges [2], as evi-
denced by extensive carbonate pavement [3] and
upward deflections of the BSR at a thrust fault
[4,5]. In contrast, the southern region is less

evolved, exhibiting only limited and localized car-
bonate build up and at most minor departures in
BSR depth from that predicted by the seawater/
gas hydrate phase boundary (A.M. Trehu, COAS,
personal communication). Active fluid migration
in the sediments underlying Hydrate Ridge was
previously documented by seafloor camera tows
and Alvin dives that revealed communities of
vent-dependent organisms on its northern peak
[3]. Gas discharge on the northern summit was
first observed in 1996 [6]. Vigorous streams of
methane bubbles emanating from the seafloor on
the southern peak of Hydrate Ridge were re-
corded by video and acoustic data in 1999, on a
region that was previously thought to be dominat-
ed by diffuse fluid flow [7].

Table 1
Site locations and cores used in this study
Site description Station Site Latitude Longitude Depth
m
Bacterial mats A99-5-AD3421-CA, -CB HRS 44°34.23'N 125°08.90'W 778
A99-8-AD3422-BL
A99-14-AD3424-CA, -CB
A99-14-AD3424-BB
A99-28A-AD3428-BB
A99-37-AD3430-CA 44°34.20'N 125°08.82"W 768
A99-21-AD3426-CA HRN 44°40.03'N 125°06.01"'W 600
A99-21-AD3426-BB
Clam fields A99-8-AD3422-CA, -CB HRS 44°34 22'N 125°08.90'W 778
A99-28B-AD3428-BL
A99-11-AD3423-CB HRN 44°40.03'N 125°06.01'W 600
A99-25-AD3427-BB 44°40.20'N 125°05.88'W 593
Gas discharge TFX98-R455-GS HRN 44°40.17'N 125°05.89'W 587
A99-21-AD3426-GS
A99-25-AD3427-BB
Background sediment A99-28C-AD3428-BL HRS 44°34.25'N 125°08.98'W 791
Off-Hydrate Ridge ADI1907 First Ridge 44°40.44'N 125°17.63'W 2046
AD2046 44°41.00'N 125°17.00'W 2100
W8408-4 Abyssal plain 44°40.00'N 125°21.60'W 2860

Sites designated TFX98 were visited with ROPOS during 1998, those designated A99 were visited by A/vin in 1999; those desig-
nated AD1907 and AD2046 are Alvin dives on the First Ridge of the accretionary margin [10]. CA and CB designate push cores,
GS indicates a gas sampling station, BB and BL indicate deployment of benthic barrel and benthic lander at the seafloor. HRS
and HRN are Hydrate Ridge South and Hydrate Ridge North, respectively. Numbers in bold correspond to the station designa-

tion in Fig. 1.
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Fig. 1. A shows the location of Hydrate Ridge in the Cascadia accretionary margin (image from C. Goldfinger, Oregon State
University, Corvallis, OR, USA). W4 designates the location of core W8408-4 in the Oregon abyssal plain. Box demarcates the
location of Hydrate Ridge bathymetric image (oblique view) shown in B, which shows the location of the northern (HRN) and
southern (HRS) summits of Hydrate Ridge surveyed during the 1998 and 1999 field seasons, and the location of the First Ridge,
where cold seeps were discovered in 1987 [3]. The northern summit (HRN) is characterized by extensive carbonate deposits near
and around the active venting sites, illustrated in C. The southern ridge (HRS) is predominantly sediment covered with sites of
extensive bacterial mats overlying mounds several meters in diameter, as shown in D. Bathymetry and station locations on HRN
(E) and HRS (F), detailed description of these sites is given in Table 1. Shading illustrates the areas characterized by active fluid
seepage, where gas discharge, bacterial mats, clam colonies and gas hydrate deposits were observed.
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and bacterial mats. When this crust was disturbed
with an Alvin probe, large numbers of bubbles
were released, leading to the conclusion that these
crusts are formed, at least in part, from methane
hydrate deposits. This observation was confirmed
later by direct sampling of seafloor gas hydrates
at this location with a TV-guided grab from the
R/V Sonne, as well as by the observation of large
blocks of methane hydrate floating at the sea sur-
face [23]. It is conceivable that the hummocky
topography may be generated by floating up of
hydrate slabs at irregular intervals, with conse-
quent release of the methane gas trapped beneath
the gas hydrate crust to the bottom water [23].
Most bacterial mats overlay foci of upward ad-
vection of methane-rich fluids. To estimate the
flow rates and the methane flux from these sites,
we draw on data collected from benthic devices
and pore water analysis. Fig. 4 summarizes the
distribution of Ca**, and SO3~ for six cores col-

lected at bacterial mat sites. In four of these cores,
the curvature of the dissolved calcium profiles in-
dicates upward fluid flow, whereas in two cores
(21CB and 37CA) there is no change in calcium
concentration with depth. The discrepancy in pore
fluid distributions reflects the highly localized na-
ture of the fluid pathway network on Hydrate
Ridge.

At sites where calcium profiles are indicative of
upward fluid flow, the advective rates can be esti-
mated by applying a one-dimensional diffusion—
advection-reaction model to the downcore Ca**
concentration. Systematic variations in the con-
centration of pore water solutes have been shown
to be reliable indicators of pore water flow (e.g.
[24,25]). Here we used an approach parallel to
that used by Han and Suess [26] to model the
fluid flow regime of the first accretionary ridge,
seaward of Hydrate Ridge (Fig. 1). This model
assumes steady state, a constant diffusion coeffi-
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Fig. 5. Results of the one-dimensional model for estimating advective velocities (w) based on dissolved calcium data. Up-flow is
negative and it is given in cm yr~!. A illustrates results of the model applied to a depth of 20 cm (dashed curves), indicating up-
ward fluid velocities of 50-100 cm yr~! for four cores (indicative of upward fluid flow) collected over bacterial mats on Hydrate
Ridge. Symbols represent the different cores as shown in Fig. 4. Solid line represents the expected calcium distribution when there
is no advective flow (w=0), as calculated by Han and Suess [24] from calcium concentration data in core W8408-4 recovered
from the Oregon abyssal plain. B and C illustrate the results of a sensitivity test of the model to changes in the apparent kinetic
constant for calcium precipitation (k) and the diffusion coefficient for Ca?* (D;). The solid lines represent data for k=2x10"*
yr~! and Dy =2.85x10"% cm? s~!. Effects of four-fold changes in the value of k are shown as dotted lines in B. These results
demonstrate no significant changes in the modeled calcium distributions. The system is more sensitive to changes in diffusion co-
efficients, as shown by the dotted lines representing the expected Ca>* profiles using values of D ranging from 2.5 to 3.3 cm?

s7!in C.
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cient, constant porosity, and a first order reaction
rate, and is given by:

d’c dc

D
where D is the diffusion coefficient for Ca2t, C is
the concentration of interstitial CaZ*, z is the ver-
tical depth (positive downward), @ is the advec-
tive rate of pore fluid (upwelling is negative), and
k is the apparent kinetic constant for calcium pre-
cipitation. Dy is estimated to be 2.85x107¢ ¢cm?
s~!, using the data of Li and Gregory [27] cor-
rected for temperature (4 £ 1°C) and porosity ef-
fects [28]. We assume this value to be constant
throughout the length of the cores (z<<20 cm).
Measured porosity in cores collected from this
area shows a decrease of approximately 15%
over the length of the cores, and changes in tem-
perature over this depth are less than 0.2°C. Han
and Suess [26] estimated the value for k to be
2x107* yr~! using a core obtained at the abyssal
plain (core W4, Fig. 1), where there is no fluid
advection (i.e. @=0) and the calcium distribution
is controlled exclusively by diffusion and reaction
(Fig. 5A). We assume this value to represent the
reaction rate on Hydrate Ridge. With these as-
sumptions, the solution to Eq. 2 may be written
as:

C(Z) = C]GXp(p]Z) + CzCXp(pzZ) (3)

, where p =[w* («?+4kD;)'/?)2D,, C(z=0)= C+
C,, and C(z = h) = Ciexp(p1h)+ Crexp(p2h).

The values for C(z=0) and C(z=h) are the
measured dissolved calcium concentration at the
sediment water interface and the asymptotic cal-
cium concentration at depth (4#=20 cm), respec-
tively. Using Eq. 3 we estimate the rate of fluid
flow from four cores indicative of upward trans-
port at bacterial sites, and obtain velocities that
range from 50 to 100 cm yr~! (Fig. 5A). To eval-
uate the possible errors in our calculation of ad-
vective flow rates, introduced by changes in diffu-
sion coefficients and reaction rates at the Hydrate
Ridge sites, we ran the model using different val-
ues for Dy and k. The results indicate that a four-
fold range in the reaction rates has a negligible
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Fig. 6. Changes in methane concentration with time during
deployment of the benthic barrel over bacterial mat fields on
Hydrate Ridge (closed circles). The methane fluxes estimated
from these data range from 30 to 90 mmol m~2 day~'. Data
obtained by deployment of this instrument over cold seeps
on the First Ridge [10] are shown (open circles) for compari-
son. These data were used to estimate fluxes at the First
Ridge ranging from 10 to 85 mmol m~2 day~! [10].

effect on the estimates of w (Fig. 5B). The system
is more sensitive to changes in diffusion coeffi-
cients; however, a change in D; of 15% has no
significant effect on our flow rate estimates, be-
cause of the speed of the pore water flow (Fig.
5C). This exercise provides confidence on our ad-
vective rate estimate of 50-100 cm yr—'.

Data collected using the benthic barrel provide
additional confirmation of the fluid advection
rates over bacterial mat sites, as well as allow us
to estimate the methane flux at these locations.
This instrument was deployed three times over
bacterial mats overlying hydrated sediments dur-
ing the Alvin cruise in 1999. During one of the
deployments (AD3424), the surficial gas hydrate
was highly disturbed, releasing the trapped meth-
ane gas. This release led to initial methane con-
centrations in the Niskin® barrel samplers of
19 uM. The methane concentrations in all Nis-
kin® bottles during this deployment remained
very high (> 15 uM), and showed no systematic
trend with time.

The changes in methane concentration during
the other two deployments of the benthic barrel
are shown in Fig. 6. This figure also includes
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methane data collected with this instrument over
seep sites on the seaward edge of the accretionary
margin in 1987 [10,11] for comparison. The in-
crease in methane concentration (umol 17!) with
time is converted to total methane flux by multi-
plying it by the volume enclosed (180 1) and di-
vided by the area covered by the barrel (0.26 m?).
Thus we calculate methane fluxes of 30 and 90
mmol m 2 day~! for deployments during Alvin
dives 3428 and 3426, respectively. In an attempt
to estimate water flow from methane flux mea-
surements we assume, as a first approximation,
that methane behaves conservatively during the
deployment period. This assumption is poor since
the extensive bacterial mat coverage over these
sites clearly indicates that these communities ac-
tively utilize methane. Indeed, dense aggregates of
a structured bacterial archaea consortium have
been identified in Beggiatoa mats collected from
active seepage sites on Hydrate Ridge [29], which
apparently mediate the anaerobic oxidation of
methane. However, the rates of methane con-
sumption reported for these sites [30] are less
than 10 mmol m~2 day ™', i.e. <30% of the esti-
mated methane flux. Thus, although estimates of
fluid flow from the methane fluxes are minimum
values, we can obtain a first order estimate from:

o = Jen,/ 9 Cen, 4)

where Jcp, is the methane flux, ¢ is the sediment
porosity and Ccp, is the concentration of meth-
ane in the discharging fluids. Because of the tem-
perature and pressure changes that occur during
core recovery, the in situ methane concentration
in the seep sediments is difficult to constrain.
However, since at these sites the barrel was de-
ployed over sediments containing methane hy-
drate, we can determine the in situ methane con-
centration in the pore water using equilibrium
values of dissolved methane in a methane/gas hy-
drate system at the temperature and pressure con-
ditions of Hydrate Ridge [31,32]. Using this value
(Cchn, =50 mM), we obtain estimates of flow rates
that range from 30 to 100 cm yr~!, which are
consistent with our estimates based on the distri-
bution of dissolved calcium in the pore water.
One 24 h deployment of the benthic lander over
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Fig. 7. Dissolved SO}~ and Ca?* in pore fluids from cores
collected from clam field sites. Cores 8CA and 8CB were col-
lected about 8 m apart, within the same clam field. The site
locations are given in Table 1 and are illustrated in Fig. 1.

bacterial mats (8AD3422-BL) indicates variable
flow rates at this location. The first 4 h period
indicates downward flow, followed by 12 h in
which upward flows exceeded 100 cm yr~!. Dur-
ing the second half of this deployment, the radon
flux was 128 = 16 atoms m~2 s~!, consistent with
rapid upward advection of fluids. Apparently at
bacterial mat sites there can be highly localized
small-scale features with variable flow rates and
directions.

3.3. Fluid flow at the clam sites

The third province on Hydrate Ridge is char-
acterized by the presence of clam communities
(Fig. 2C). The clam fields can extend for several
tens of square meters of the seafloor, but the ma-
jority of these areas are covered by shell debris,
particularly on the northern summit of the ridge.
Patches of living clams can be found at the sea-
floor on both the northern and southern summits.

Deployment of chemical and aquatic transport
(CAT) meters over clam fields on northern Hy-
drate Ridge in 1998 documents a pattern of pre-
dominantly downward flow at this location [8].
Not surprisingly, pore water profiles at sites
colonized by vesicomyid clams (Fig. 7) are dis-
tinctly different from those observed on bacterial
mat sediments (Fig. 4). The calcium profile from
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Fig. 8. Changes in dissolved methane concentration with
time obtained by the simultaneous deployment of a benthic
barrel and a benthic lander over a bacterial mat and a clam
colony which were separated by less than 3 m (stations 28A
and B). A second benthic lander was deployed during the
same period of time over background sediments, 175 m away
from the active sites, as shown in inset panel (station 28C).
Site location is demarked in Fig. 1.

core 8CA is consistent with fluid flow into the
sediments throughout the length sampled. A sin-
gle barrel deployment over clam colonies during
the 1999 cruise (AD3427) shows no measurable
change in the methane content of the bottom
water throughout the 2 h deployment, consistent
with a system where the advective rate is very low
or negative. A single 24 h deployment of a benthic
lander over clam fields (28AD3428-BL, Table 1)
did show a small increase in methane content over
a 24 h period (Fig. 8). In addition to the methane
discharge over the clam site, during this deploy-

ment we also measured the methane discharge
over bacterial mats and background sediments
in nearby sediments by simultaneously deploying
three instruments. The data collected at all sites
are shown in Fig. §, and it further illustrates the
heterogeneity of the methane discharge on Hy-
drate Ridge.

Using the benthic lander data, and the chamber
configuration in this instrument (volume=28 1;
area =700 cm?), we estimate a methane flux out
of sediments colonized by clams of 0.45 mmol
m~2 day~!'. Methane concentration measurements
on surface sediments from clam-populated sites
yield values that range from 1 to 10 mM CHa.
A methane concentration of 1 mM in the upper
2 cm would result in a diffusive methane flux of
0.6£0.4 mmol m~2 day !. Thus, most of the
measured methane flux can be accounted for by
diffusion. Similarly, the radon flux at this clam
site was only 37+ 9 atoms m~2 s~!, and diffusion
would supply 31 atoms m~2 s~'. All these data
are consistent with a negligible advective compo-
nent.

The mechanisms driving the fluid flow at these
sites are still controversial. Tryon et al. [8] ex-
plained the observed flow patterns as driven by
the action of a ‘gas pump’ associated with episo-
dic gas release, in a mechanism similar to that of a
geyser. Wallman et al. [25] conclude that vent
biota actively control the sediment water ex-
change and benthic fluxes at clam-colonized seep
sites in the Aleutian margin. Alternatively, the
observed profiles might reflect lateral fluid flow.
Such lateral flow has been reported at cold seep
regions in the Derugin Basin [33] and Monterey
Bay [34] regions.

Table 2

Comparison of our estimates of fluid velocities at Hydrate Ridge with available data on rates of fluid flow at this location

Location Technique Advective rates Source

cm yr’1

Hydrate Ridge bacterial mats pore water model 50-100 this study
benthic barrel 30-100 this study
CAT meters 10-250 [9]

Hydrate Ridge clam sites benthic landers 0 this study
CAT meters <6 [8]

Hydrate Ridge thrust fault benthic barrel/flowmeters 10° [11]

thrust fault, ODP Site 892

hydraulic/thermal models 90-600 [35]
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Fig. 9. Summary representation of three provinces on Hydrate Ridge where fluid flow through the sediments modifies the compo-
sition of pore fluids and bottom water. The fluid flux data incorporate the results of this study and data from Tryon et al. [9], as
shown in Table 2. The flow transience data at bacterial mats and clam sites are from Tryon et al. [9].

4. Discussion

The hydro-tectonic regime on Hydrate Ridge is
clearly a highly dynamic system. Here we discuss
the results of our field experiments in 1998 and
1999, in light of the overall knowledge gained by
a wide range of investigations in this area, and
compare the methane fluxes out of the Hydrate
Ridge system with those obtained at other mar-
gins. A simplified cartoon of the three provinces
described above, with estimated values for fluid
velocities and methane fluxes are shown in Fig.
9. For completeness this figure also includes esti-
mates of the periodicity of fluid flow reported by
Tryon et al. [9].

4.1. Rates of fluid discharge

Our fluid flux estimates at sites colonized by
clam colonies indicate flow rates below our detec-
tion capabilities. All of the CAT flowmeter data
collected over clam sites on Hydrate Ridge by
Tryon et al. [9] exhibit a low net rate of flow,

generally <10 cm yr~!, often with complex var-
iability and a predominance of bottom seawater
flow into the sediment [9].

Fluid velocities at bacterial mat sites estimated
in this study range from 20 to 100 cm yr~! (Table
2). These values compare favorably with data col-
lected at these sites with CAT meters, which range
from 10 to 250 cm yr~', and average 85 cm yr~!
[9]. Indeed, Tryon et al. [9] collected flow rate
data with their instrument at a site less than 1 m
away from the location where the benthic barrel
was deployed during AD3426; both instruments
were placed within a single patch of bacterial
mats. The CAT meter data (Meter 99-C) indicate
a positive flow of 27-75 cm yr~! during the period
of time that the barrel was deployed at this site,
consistent with our methane-derived flow rate es-
timate of 100 cm yr~!. Numerical model calcula-
tions using hydraulic and thermal constraints
yield values ranging from 90 to 600 cm yr~! for
fluid flow along a fracture zone on this margin
[35]. On the other hand, Linke et al. [11] reported
values as high as 10° cm yr~! at this location.
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Table 3
Comparison of dissolved methane fluxes at Hydrate Ridge with those from other sites of active seepage of fluids
Location Release rates Source

mmol m~—2 day~!
Hydrate Ridge bacterial mats 30-100 this study
Hydrate Ridge clam fields <1 this study
Hydrate Ridge background sediments non-detectable this study
Hydrate Ridge thrust fault (AD2283) 120 [11]
First Ridge active seeps (AD1907, AD2046) 10-85 [10]
Peru margin active seeps 52 M.E. Torres, unpublished data
San Clemente fault zone active seeps <1-300 [30]
Cape Lookout Bight, NC diffusive flux 1-3 [37]

Such extremely high values are not consistent with
our estimates or with the calculated flow velocities
based on hydrogeologic models. Similar discrep-
ancies between hydro-tectonic estimates and di-
rect measurements during a 40 min deployment
of a thermistor flowmeter were observed in the
Aleutian margin [36]. The authors proposed that
the discrepancies were due to localized effect of
fluid pumping by vent biota [25]. Superimposed
on the low hydro-tectonic flow, biota at these sites
might generate an additional localized water cir-
culation cell in which fluid moves at rates several
orders of magnitude higher than that induced by
geotectonic forcing [36].

4.2. Methane fluxes

Methane produced within the sediments of the

Cascadia accretionary margin enters the water
column via two distinct processes. In the dissolved
form, advection of fluids and diffusion across con-
centration gradients results in methane fluxes to
the bottom water over large areas of the prism. In
the gas phase, methane is released at discrete sites.
These sites appear to be restricted to the ridge
summits and have not been observed on the first
accretionary ridge.

Although present over large areas, the magni-
tude of the dissolved methane flux can vary by
orders of magnitude across very small distances
of the seafloor. To illustrate the spatial heteroge-
neity at a given location, we can compare data
from three instruments that were deployed simul-
taneously along a transect that covered a bacterial
mat, clam field and background sediments on Hy-
drate Ridge South during AD3428. A benthic

Table 4
Comparison of methane gas emissions at the seafloor
Location Technique Release Area Source
rates surveyed
mol day™! m?
Hydrate Ridge North gas sampling at the vents 6x10* 80 this study
Hydrate Ridge North water column methane budgets 9x10* 4.7x107 [22]

Hydrate Ridge South
Tommeliten field, North Sea, Norway sector

water column methane budgets
bubble discharge observations with a

remotely operated vehicle

UK Block 15/25 (pockmark), North Sea
Cape Lookout Bight, NC
Coal Point, Santa Barbara Channel

worldwide
Global

gas rate measurements

direct measurements of gas bubbles
50 kHz sonar data

probability distribution of active seeps

anomalies in 8'*C of dissolved inorganic
carbon during the latest Paleocene

6x10* 3.7%x107 [22]
1x10° 1.2x10° [38]
3% 10° 6.5%10° [38]
1x10* 1x10° [37]
4x10° 1.8x 107 [39]
10°-10'° global [41]
estimate
2% 10! over global [40]
10* yr estimate
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barrel was positioned over a bacterial mat and a
benthic lander was deployed over a clam colony
less than 3 m away from the benthic barrel (sta-
tions 28A and B, Fig. 1F). A second benthic land-
er was deployed during the same period of time
over sediments that showed no evidence of fluid
discharge. This background station is 175 m away
from the active sites occupied by the other two
benthic instruments (station 28C, Fig. [IF).
Changes in methane concentration with time mea-
sured during this experiment are plotted in Fig. 8.
During this experiment the methane fluxes from
the bacterial mats and clam field locations corre-
spond to 30 and 0.45 mmol m~2 day !, respec-
tively. There is no detectable methane flux out of
the background sediments. Thus it is hard to ex-
trapolate individual measurements over larger
areas. Nevertheless, dissolved methane fluxes
out of the sediments on Hydrate Ridge range
from <1 to ~100 mmol m2 day~! (Table 3).
The magnitude of the dissolved methane fluxes on
Hydrate Ridge is similar to that reported for cold
seeps located on the First Ridge of this accretion-
ary prism (Fig. 6). Similar methane fluxes have
also been observed at active seeps on the Peru
margin (M.E. Torres, unpublished data) and the
San Clemente fault zone [30]. For comparison, in
the methane-saturated sediments of Cape Look-
out Bight, the diffusive methane flux ranges from
1 to 3 mmol m~2 day™! [37].

In addition to the dissolved methane flux driven
by advective and diffusive transport through Hy-
drate Ridge sediments, methane is also discharged
in the gas phase at discrete sites on the summit of
the ridges. At the northern summit, we have esti-
mated a methane gas discharge of approximately
6x10* mol day!. Based on extensive measure-
ments of dissolved methane in the water column
over Hydrate Ridge, Heeschen et al. [22] estimate
an input of methane gas from the northern and
southern peaks of approximately 9x10* and
6% 10* mol day™!, at each of these locations re-
spectively (Table 4).

Seafloor and acoustic surveys [7] and water col-
umn data [22] from various topographic highs
along the accretionary margin off the Oregon
coast document further locales of active release
of methane gas. If our methane discharge estimate

of ~6x10* mol day~! at Hydrate Ridge North is
comparable to the discharge rates at these other
sites, then the methane discharge on the Cascadia
margin might be similar in magnitude to that of
previously reported areas of macro seepage world-
wide [38,39] (Table 4). The gas discharged at Hy-
drate Ridge, though, pales in comparison to the
proposed methane release by massive gas hydrate
destabilization during the latest Paleocene thermal
maximum, 55 million yr ago. Dickens et al. [40]
propose a scenario in which methane is released
from gas hydrates at a rate of 2x10'° mol day ™!
over 10* yr to explain global anomalies in the
813C of the dissolved inorganic carbon (DIC) in
seawater.
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