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Abstract

Large uncertainties about the energy resource potential and role in global climate change of gas hydrates result from
uncertainty about how much hydrate is contained in marine sediments. During Leg 204 of the Ocean Drilling Program (ODP) to
the accretionary complex of the Cascadia subduction zone, we sampled the gas hydrate stability zone (GHSZ) from the seafloor
to its base in contrasting geological settings defined by a 3D seismic survey. By integrating results from different methods,
including several new techniques developed for Leg 204, we overcome the problem of spatial under-sampling inherent in robust
methods traditionally used for estimating the hydrate content of cores and obtain a high-resolution, quantitative estimate of the
total amount and spatial variability of gas hydrate in this structural system. We conclude that high gas hydrate content (30—40%
of pore space or 20—26% of total volume) is restricted to the upper tens of meters below the seafloor near the summit of the
structure, where vigorous fluid venting occurs. Elsewhere, the average gas hydrate content of the sediments in the gas hydrate
stability zone is generally <2% of the pore space, although this estimate may increase by a factor of 2 when patchy zones of
locally higher gas hydrate content are included in the calculation. These patchy zones are structurally and stratigraphically
controlled, contain up to 20% hydrate in the pore space when averaged over zones ~ 10 m thick, and may occur in up to ~20%
of the region imaged by 3D seismic data. This heterogeneous gas hydrate distribution is an important constraint on models of

gas hydrate formation in marine sediments and the response of the sediments to tectonic and environmental change.

Published by Elsevier B.V.
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1. Introduction

Gas hydrates are ice-like compounds that form at
the low temperature and high pressure conditions
common in marine sediments at water depths greater
than 300—500 m when concentrations of methane and
other low molecular weight gases exceed saturation.
Although estimates of the total mass of methane
carbon that resides in this reservoir vary widely e.g.
[1,2] even conservative estimates are large, and it is
likely that gas hydrates are a significant component of
the global near-surface carbon budget [3]. Consider-
able controversy remains, however, about whether gas
hydrates represent a major future fossil fuel resource
e.g. [4,5] and whether they can contribute to global
environmental change through destabilization and
massive release of methane from the seafloor e.g.
[6-8].

At the root of the controversy are large uncertainties
about how gas hydrates and free gas are distributed
within marine sediments. Gas hydrates decompose
rapidly when removed from the high-pressure, deep-
water environments in which they form, and much of
the gas hosted in these compounds or present as free
gas in the sediment pore space is lost during sample
recovery. Moreover, even for cores recovered in an
autoclave at in situ pressure, which retain all the gas
present at depth, the gas released may be derived from

gas hydrate dissociation, free gas bubbles, or exsolu-
tion of dissolved gas from pore water. The in situ
distribution of gas hydrate must therefore be estimated
using various proxy techniques, each of which may
have different sensitivity and spatial resolution.

For the past several decades, the main proxy used
to evaluate the regional presence of gas hydrate in
seafloor sediments has been a seismic reflection
known as the bottom simulating reflection (BSR).
The BSR mimics the seafloor at approximately the
sub-seafloor depth predicted to be the base of the gas
hydrate stability zone (GHSZ) and has a negative
polarity, indicating that it results from relatively
high-velocity sediments containing gas hydrate that
overlie low-velocity sediments containing free gas.
Methods to estimate the gas hydrate content of con-
tinental margin sediments using seismic data have
recently been reviewed [9].

Additional proxies (see Section 3) are available
when sediments are drilled, logged and sampled. Data
to validate estimates based on seismic data, however,
are limited because the BSR has been drilled at only a
handful of sites worldwide. Legs 141 and 146 of the
Ocean Drilling Program (ODP), to the Chile triple
junction region and Cascadia subduction zone, respec-
tively, provided valuable insights into fluid flow,
tectonics and hydrate formation in accretionary com-
plexes [10,11], but quantitative determination of the
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amount of gas hydrate present was limited by the lack
of any samples recovered at in situ pressure. ODP Leg
164 on Blake Ridge offshore the southern U.S. was
the only ODP leg prior to Leg 204 that was dedicated
to understanding marine gas hydrates [12]. The three
sites sampled during this leg were located in similar
structural and stratigraphic settings. Little variation in
gas hydrate distribution was observed between sites,
and it is difficult to extrapolate from the results to
other settings.

In this paper, we integrate results from a variety
of methods with different spatial resolution and
sensitivity in order to estimate the in situ gas hydrate
content of sediments beneath southern Hydrate
Ridge, which is part of the accretionary complex
of the Cascadia subduction zone. All nine sites
drilled during ODP Leg 204 are located within a
volume imaged by three-dimensional seismic data
and represent a wide range of structural and strati-
graphic settings. We use robust techniques for esti-

Fig. 1. (A) Bathymetric map of the accretionary complex offshore
Oregon. Contour interval is 100 m. Red dot shows the location of
ODP Site 892, drilled during Leg 146. Box shows the location of
(B). Transparent violet overlay shows where a BSR is present in
seismic data. Inset shows the tectonic setting of (A). Cascade
volcanoes are shown as triangles. SHR—South Hydrate Ridge;
NHR—North Hydrate Ridge; SEK—Southeast Knoll; OR—Ore-
gon; WA—Washington; JdF—Juan de Fuca plate; Pa—Pacific
plate; JAFR—1Juan de Fuca ridge; CSZ—Cascadia subduction zone.
(B) High-resolution (15m pixel) bathymetric map [42] of the region
studied during ODP Leg 204. Contour interval is 20 m. Red dots
show the location of sites drilled during Leg 204. Several holes were
drilled at each site. Dashed red lines show locations of vertical slices
through the 3D seismic data shown in Fig. 2. Transparent color
overlays show the lateral extent of zones of different gas hydrate
content, estimating by averaging the data from the seafloor to the
BSR (Tables 1 and 2). The dark violet and dark green patterns
outline regions in the data suggest that gas hydrate occurs in patchy
zones of locally higher concentration, leading to high variability
among estimates of gas hydrate content in boreholes spaced tens of
meters apart. The inset shows the seafloor acoustic backscatter
pattern at the summit of southern Hydrate Ridge [17] with light
colors indicating high backscatter. The 800 m depth contour is
shown for reference. The dark spot in the center of the region of
high backscatter is the shadow of a carbonate pinnacle. Observa-
tions made with the DSV A/vin indicate that the very strong seafloor
reflectivity around the pinnacle results from carbonate pavement
(possibly mixed with gas hydrate) whereas the mottled reflective
pattern results from gas hydrate at or near the seafloor. A larger
version of this image, and its correlation with the seismic data, is
found in [20].

mating the gas hydrate content of core samples to
calibrate estimates derived from geophysical techni-
ques, which require additional assumptions to derive
quantitative estimates of gas hydrate content but
provide better spatial sampling. We thus obtain a
quantitative improvement in our knowledge of how
much gas hydrate is present in accretionary complex
sediments and how it is distributed.

2. Geologic setting

During ODP Leg 204, nine sites were drilled and
cored on southern Hydrate Ridge, a peanut-shaped
topographic high in the accretionary complex of the
Cascadia subduction zone, located approximately 80
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Fig. 2. Profiles extracted from the 3D seismic data along the lines shown in Fig. 1B. Black—strong positive amplitude; gray—positive
amplitude; white—strong negative amplitude. Transparent overlays indicate zones of different average gas hydrate concentration estimated as
discussed in the text. Although overlay colors are the same as in Fig. 1B, values of gas hydrate content in these zones are larger than in Fig. 1B,
because here the values represent averages over the gas hydrate occurrence zone rather than over the gas hydrate stability zone. Vertical red bars
show sites drilled during Leg 204; tick marks are spaced 75 m apart. AC—top of the highly deformed sediments of the accretionary complex;
B—seismic horizon B, which was found to be coarse-grained and gas hydrate-rich at Site 1246; A—seismic horizon A, interpreted as a
stratigraphically controlled zone along which methane-rich fluids migrate from the accretionary complex to the southern summit [14,15].

km west of Newport, OR (Fig. 1). Sites were chosen
to complement ODP Site 892, drilled near the summit
of northern Hydrate Ridge during ODP Leg 146. Site
892, which was drilled where the BSR is anomalously
shallow as a result of fluid flow along a structure
interpreted to be a fault [11], provided samples of
H,S-rich hydrates near the seafloor [11,13], “soupy”
layers with anomalously low pore water CI” concen-
tration, indicative of dissociation of gas hydrate on

recovery [11,13], geochemical indications of migra-
tion of thermogenic methane into the GHSZ from
greater depth [13,14], and the presence of a small
amount of free gas beneath the GHSZ [15].
Although seafloor evidence for venting is less
pervasive at southern Hydrate Ridge, compared to
northern Hydrate Ridge [16,17], previous seafloor
studies of southern Hydrate Ridge had documented
the presence of seafloor gas vents, outcrops of mas-
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sive gas hydrate, and a 50-m-tall ““pinnacle” of
authigenic carbonate near the summit [18,19]. Deep-
towed sidescan sonar data (Fig. 1B, inset) show an
approximately 300x500 m area of relatively high
acoustic backscatter that indicates the extent of sea-
floor venting [17]. Elsewhere on southern Hydrate
Ridge, the seafloor is covered with low reflectivity
sediment, but the presence of a regional bottom-
simulating seismic reflection (BSR) suggests that
gas hydrate is widespread [16].

The stratigraphic and structural setting of southern
Hydrate Ridge, as imaged in 3D seismic reflection
data, is shown in Fig. 2. Zones characterized by the
different hydrate distribution patterns discussed in
this paper are shown as colored overlays. Highly
deformed, underthrust sediments of the accretionary
complex underlie the boundary labeled AC [20].
This facies is overlain by dipping Pleistocene and
Holocene, silty and sandy turbidites interlayered with
fine-grained hemipelagic sediments that represent
uplifted and deformed trench and slope basin depos-
its on the western and eastern flanks, respectively
[14,15]. Three anomalously strong reflections, la-
beled A, B and B’, result from coarse-grained and/
or volcanic ash-rich horizons. Reflection A is con-
tinuous from the flank of Hydrate Ridge to the
summit. Drilling at Sites 1245, 1247, 1248 and
1250 revealed that it results from a 2- to 4-m-thick
zone with unusual sedimentological, chemical and
physical properties, providing a path along which
methane-rich fluids and free gas migrate from the
accretionary complex to the summit [21]. In contrast
to reflection A, reflections B and B’ and adjacent
horizons are characterized by numerous, small-offset
normal faults that may facilitate upward fluid flow
over a broad region (Fig. 2A).

The sites that were drilled and cored during ODP
Leg 204 can be grouped into three end-member
environments based on the seismic data. Sites 1244
through 1247 characterize the flanks of southern
Hydrate Ridge. Sites 1248—1250 characterize the
southern summit in the region of active seafloor
venting. Sites 1251 and 1252 characterize a slope
basin to the east and are a region of rapid sedimen-
tation, in contrast to the erosional environment of
Hydrate Ridge. Site 1252 was located on the flank of
a secondary anticline and is the only site where no
BSR is observed.

3. Methods used to estimate in situ gas hydrate
amount and distribution

In this section, we summarize the principles un-
derlying the techniques used in this paper to estimate
the presence and amount of gas hydrate in the
subsurface and discuss the advantages, limitations
and results of each technique.

3.1. Pressure core samplers

During conventional coring, substantial volumes of
gas escape from the sediments as they are brought to
the surface. Pressure core samplers, which recover
sediments in an autoclave at in situ pressure, provide
the only means of retaining all gas present at depth.
Two pressure coring systems were used on Leg 204.
The ODP pressure core sampler (PCS) permits recov-
ery of a 1-m-long core under in situ pressure [22], as
does the new HYACINTH pressure corer. With suc-
cessful deployments of these tools, controlled release
of pressure enables one to measure the volume of gas
stored in an interval of sediment. This volume can
then be used, in conjunction with established gas
equilibrium curves, to estimate the amount of gas
hydrate or free gas in the core [23]. Uncertainties arise
because of uncertainties in total core recovery, poros-
ity and gas solubility [2,20]. Although an unprece-
dented number of PCS measurements were made
during Leg 204 [2], logistical constraints limited us
to only a handful of samples per hole.

In addition to providing information on the amount
of gas hydrate or free gas present in the core, the
HYACINTH tool, developed with funding from the
European Union, is compatible with a density logging
system. Density logs recorded repeatedly as pressure
is released provide information on the detailed distri-
bution of gas hydrate and free gas within the core
[20]. Leg 204 was the first time this technology was
successfully used in the field to recover and log gas
hydrates. The left side of Fig. 3 shows gamma density
logs of a HYACINTH pressure core (Core 1244E-8Y)
taken at different times as pressure was released and
gas hydrate contained within the core dissociated. Run
1 was taken at in situ pressure soon after recovery and
shows a 6-cm-thick low density zone that likely
contained gas hydrate. This anomaly can be explained
by a pure hydrate lens 0.5 cm thick [20]. Run 12
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shows two very low density layers likely to contain a
significant amount of free gas released by gas hydrate
dissociation and suggests the presence of a second
hydrate lens near the base of the core that was too thin
to be resolved by run 1. Generally lower density
throughout the core measured during this run proba-
bly indicates exsolution of gas from pore water. Run
16 shows the density profile along the core after the
core was completely degassed. Unfortunately some
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gas was lost during the degassing of this core, so we
cannot determine the amount of gas hydrate that was
present in situ. This was the first HYACINTH core
ever successfully recovered and transferred to the
logging chamber, and operational procedures were
being developed.

3.2. Chloride concentration in pore water

Gas hydrate formation in marine sediment extracts
water and excludes dissolved ions. The water within
the gas hydrate lattice is therefore fresher than that in
surrounding pore water [24]. Assuming that the
excluded ions diffuse away from the site of hydrate
formation over time and that dissociation of hydrate
releases fresh water during recovery, sediment inter-
vals containing gas hydrate at in situ conditions will
be recorded as low Cl™ anomalies in pore waters
extracted from cores [24,25]. The in situ gas hydrate
content can be determined by measuring the degree of
pore water dilution relative to a baseline assumed to
represent the in situ pore water Cl~ concentration
prior to gas hydrate dissociation. Several processes
lead to uncertainties in establishing a baseline Cl™
concentration [25,26]. For Leg 204, we adopted a
conservative, empirical approach in which the base-
line is defined to be the envelope of measurements
[20]. A smooth decrease in pore water Cl~ concen-
tration with depth at Sites 1244 (Fig. 4A), 1246, 1251
and 1252 is interpreted to result from fresh water
released by dehydration reactions deeper in the ac-
cretionary complex [15]. Other investigators studying
gas hydrates in the Cascadia subduction zone have
used seawater as a baseline and have called on other

Fig. 3. (A, left) Gamma density profiles of a HYACINTH pressure
core as pressure was released. See text for further discussion.
(Right) IR image of several meters of core on either side of the
HYACINTH pressure core. Note that the meter of core immediately
following a PCS or HYACINTH core is not recovered during
normal pressure coring operations. The approximate thickness and
spacing of pore water samples is also shown to illustrate the
relationship between the scale length of apparent gas hydrate
distribution relative to pressure core and pore water samples. (B)
Two examples of IR temperature anomalies (left) and gas hydrate
found at that place when the core was split (right). Both samples
were from Site 1244. The upper sample (1244C-08H-1) was
recovered from a depth of ~64 mbsf. The lower sample (1244C-
10-2) was recovered from a depth of ~ 84 mbsf.
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Fig. 4. (A) CI™ concentration measured in Hole 1244C. The empirical baseline used for this study and a seawater baseline are shown. The gas
hydrate content of the sediments determined assuming the empirical baseline is also shown. Uncertainties due to uncertainties in the empirical
baseline are discussed in the Leg 204 Initial Report [20]. The seawater baseline would lead to a thick zone of significantly higher gas hydrate
concentration in the lower portion of the GHSZ. We prefer the empirical baseline because chemical characteristics of the observed Cl™
concentration suggest a source of fresh water at depth [20]. (B) Temperature of cores recovered from Hole 1244C measured by scanning cores
on the catwalk with an IR thermal camera. Temperature profiles were extracted from the thermal images by averaging across the central portion
of the image. Cold “spikes” attributed to gas hydrate dissociation stand out from this complicated temperature structure, which depends on may
factors, including the geothermal gradient, the position within a core, the ambient temperature on the catwalk, and the type of coring tool used.
We note that cores obtained with the extended core barrel (XCB) cores are significantly cooler than cores obtained with the advanced piston

corer (APC), probably due to the cooling effect of drilling fluid.

mechanisms to explain pore water dilution below the
BSR e.g. [27].

One surprising result of Leg 204 was recovery of
pore waters with C1~ concentration much higher than
seawater near the summit [20,28,29]. Where this is
observed (in the upper 20—40 mbsf at Sites 1249 and
1250), no estimates of gas hydrate content were
attempted because the baseline could not be defined.
Implications of these interstitial brines for models of
gas hydrate dynamics will be discussed elsewhere
[28].

Because of physical limitations on how much
pore water can be extracted and the time needed
for each measurement, this technique provides rela-
tively sparse measurements. During Leg 204, two
measurements were generally made in each core
from within the gas hydrate stability zone (GHSZ),
for a downhole measurement interval of ~5 m. Each
sample represents 5—10 cm of core squeezed and
analyzed according to standard ODP procedures.

3.3. Infrared thermal scans of cores

Because hydrate dissociation is an endothermic
reaction, intervals in sediment cores where gas hy-
drate is dissociating, or has recently dissociated, are
relatively cold [30]. These cold spots can be felt by
hand [12] or measured with infrared (IR) thermal
cameras [30]. Leg 204 is the first ODP leg during
which all cores from within or near the predicted gas
hydrate stability zone were systematically scanned
with a track-mounted digital IR thermal camera as
soon as possible after recovery. Fig. 3B shows close-
up views of two typical IR cold anomalies and the gas
hydrate lens and nodules exposed when the cores
were split. Although it is possible that some IR cold
temperature anomalies result from other effects, such
as decompression of gas pockets, numerous examples
similar to those shown in Fig. 3B are documented in
the Leg 204 Initial Report [20] and suggest that
distinct, strong cold anomalies are a reliable indicator
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of hydrate presence. In fact, gas expansion pockets
generally seem to have equilibrated with the ambient
temperature and appear as warm spots [20].

The right side of Fig. 3A shows IR temperature
anomalies from a 6-m length of core at Site 1244. The
dark horizontal lines are IR cold anomalies. Most
anomalies are only a few centimeters long and their
distribution is highly variable. The spacing of gas
hydrate layers indicated in the HYACINTH pressure
core (~0.65 m) is similar to the spacing of IR
anomalies in the overlying core. Although no strong
temperature anomalies indicative of lenses of gas
hydrate are detected in the 2 m of core recovered
from immediately beneath the pressure core, another
pair of closely spaced cold anomalies occurred at 58—
59 mbsf, indicating the strong heterogeneity of gas
hydrate distribution. This figure also shows the typical
length and spacing of samples taken for pore water
analysis. The minimum practical sampling interval for
both the PCS (~ 3/hole) and the pore water (~5 m)
data and the length over which each sample is
averaged are clearly too large to characterize the
vertical variation in gas hydrate distribution.

Temperature profiles of cores measured by the IR
camera depend on many different variables. Fig. 4B
shows the temperature profile averaged across the
central portion of each IR image for Hole 1244C.
Large amplitude (>2 °C) cold spikes stand out
relative to the local background temperature and
are only found within the gas hydrate stability zone
(GHSZ). A detailed view of one such anomaly is
shown in Fig. SA. The anomaly can be character-
ized by its amplitude (A7) and length (AL) relative
to the local background temperature trend. To cal-
ibrate the IR data, we sampled pore waters at
intervals of ~2 cm in the section of core for which
the anomaly shown in Fig. 5A had been observed
(Fig. 5B). The depth extent of the Cl™ concentration
anomaly is similar to the depth extent of the IR
anomaly, and differences in depth between the two
anomalies result from compression of the core to
close gas voids after the core was scanned and
before samples were taken for Cl~ analysis. The
hydrate content derived by integrating over the ClI™
concentration anomaly is 40% of sediment pore
space. These data were used to define an empirical
relationship between the hydrate content of a bore-
hole and the amplitude (A7) and depth range (AL)
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Fig. 5. (A) The temperature profile derived from an IR image that
showed a cold spot (from Core 1245C-7H-5). AT and AL are
indicated. (B) Chloride concentrations in closely spaced pore water
samples along the core corresponding to the temperature profile in
(A). The apparent offset in depth between the two graphs is due to
compression of the core to close gas expansion voids between the
time when the IR image was made and the pore water samples were
taken. This can result in offsets of as much as 1 m between depths
recorded on the track-mounted IR temperature scans and depths
logged for core samples.

of IR anomalies. Uncertainties in this relationship
are discussed in Section 4.

3.4. Resistivity-at-bit (RAB)

The electrical resistivity of gas hydrate is higher
than that of saturated sediments. RAB images represent
the electrical resistivity as a function of azimuth around
the borehole measured at the drill bit as a hole is drilled.
Leg 204 was the first ODP leg during which Logging-
While-Drilling (LWD) data were acquired at sites that
had never been cored [20]. The presence of gas hydrate
within the GHSZ is apparent in borehole resistivity
images [20]. The percentage of gas hydrate in the pore
space can be estimated by estimating the percentage of
pore space filled by water using the Archie’s relation
and by assuming that gas hydrate fills the rest of the
pore space [31,32]. During Leg 204, the RAB data, in
conjunction with the 3D seismic data discussed above,
provided a “road map” that guided subsequent coring,
permitting us to anticipate when we would be sampling
zones rich in gas hydrate.

This technique provides a continuous record of the
subsurface with a spatial resolution in the vertical and
horizontal directions of a few centimeters as long as
drilling conditions are good, as monitored by caliper
measurements [20]. It does not, however, distinguish
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between gas hydrate and free gas in the pore space
because both gas hydrate and free gas are characterized
by low electrical resistivity. If free gas coexists with gas
hydrate, the gas hydrate concentration will be over-
estimated. There may also be other uncertainties asso-
ciated with use of the empirically derived Archie
relationship, making it desirable to compare RAB-
based estimates of gas hydrate content with estimates
derived from other measurements.

3.5. Other geophysical logs

Several other geophysical logging techniques that
can constrain the gas hydrate content of the subsurface
were employed during Leg 204, including nuclear
magnetic resonance (NMR), sonic logs and vertical
seismic profiling [20]. These techniques provide a
continuous record of the physical properties of sedi-
ments within the borehole with a spatial resolution that
varies from centimeters for wire line sonic logs e.g. [33]
to meters for vertical seismic profiles (VSP) e.g. [15].
In addition, offset and walkaway VSPs provide a
means of extending borehole results into the region
around the borehole [34]. Estimates of the gas hydrate
or free gas content of the sediments from these geo-
physical logs, however, depend strongly on assump-
tions about how the gas hydrate is distributed within the
sediments [9]. The results summarized in this paper
will be useful for testing and calibrating the results of
ongoing studies of other geophysical logs from Leg
204 and elsewhere.

4. Estimating the average gas hydrate content of
cores from IR data

In this section, we discuss our procedure for calcu-
lating the average gas hydrate content of a drill hole
from IR temperature anomalies. Results are compiled
in Table 1 and compared to averages based on PCS, C1™
concentration and RAB data. Average gas hydrate
contents are cited as a percentage of the pore space
filled by gas hydrate because this is the natural unit for
estimates based on C1™ anomalies. We do not, however,
mean to imply that all of the gas hydrate present
beneath Hydrate Ridge is disseminated in the pore
space. Leg 204 observations clearly indicate that hy-
drate is present in lenses and nodules that have dis-

placed sediment [20], and hydrate in this form is more
appropriately expressed in terms of percentage of total
volume. Conversion between these two conceptual
frameworks is simple because the average porosity of
sediments within the gas hydrate stability zone is
~ 65% at all sites [20].

The average gas hydrate content of cores was
calculated from IR data as follows. The amplitude
(AT) and length (AL) of each IR anomaly relative to
the local background temperature was picked from the
temperature profile derived from IR images of that
core. Tabulated A7 and AL picks as well as many
examples of IR scans can be found in the Site chapters
of the Leg 204 Initial Report [15]. The number of IR
anomalies and the average AT and AL in each hole are
given in Table 1 to show general patterns.

Based on the calibration experiment shown in Fig. 5,
AT anomalies of amplitude 0—1, 1-3 and >3 °C,
respectively, were defined to represent hydrate contents
of 10%, 30%, and 50% of pore space. We refer to this
calibration function as the “threshold” function. The
sensitivity of estimates over average gas hydrate con-
tent based on the threshold function were evaluated by
comparing the results to those obtained using a linear
function passing through 40% for A7=—3.2 °C. The
linear function is particularly sensitive to a few large
anomalies, which have amplitudes as great as 7 °C, and
is less sensitive to the many small anomalies with
amplitude <1 °C. The two methods agree to within
20% although the average gas hydrate content is
slightly lower for most, but not all, of the holes when
the linear function is used. Because the amplitude of an
anomaly depends strongly on where the hydrate occurs
relative to the core liner [20], we prefer the threshold
function. Additional work to calibrate IR temperature
anomalies, however, is needed.

The average hydrate content within gas hydrate
stability zone (GHSZ) was calculated by summing
the length of all anomalies in each category, converting
this to hydrate content, and then averaging the hydrate
content over the thickness of the GHSZ. The base of the
GHSZ was determined from the BSR depth, which is in
all cases within a few meters of the depth of the deepest
observed IR anomaly [20]. The top of the GHSZ for
this calculation was defined to be the seafloor, although
the GHSZ extends several hundred meters into the
water column [35]. Average concentrations were also
determined within the gas hydrate occurrence zone
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Table 1
Spacing and amplitude of IR temperature anomalies and hydrate content of sediments expressed as percent of pore space from IR and other data
ODP BSR  Depth No. of Mean Mean % Mean % Hydrate ~ % Hydrate % Hydrate % Hydrate
hole (1) depth range of IRan. AT AL Recovery spacing from AT from PCS from C1™ from RAB
(m) RAB or (°C)  (m) GHOZ  in GHOZ/ in GHOZ/ in GHOZ/ GHOZ/
IR an. 2) GHSZ (2,3) GHSZ (4,797 GHSZ (5,70 GHSZ (6,7)
(m) (m)
Hydrate Ridge—away from summit
1244B 124 — — — — — - — - — 8.1/6.1
1244C 124 45-125 31 —-1.6 0.25 95 2.6 3.2/2.0 0/0 2.2/2 -
1244E 124 23-121 49 —1.8 0.18 101 2.0 2.6/2.1 0.9/1.4 3.5/1.8 -
1245A 134 - - - - - - - - - 3.1/1.9
1245B 134 52-119 35 24 0.16 89 2.0 3.8/1.9 - 3.0/2.0 -
1245C 134 44-120 40 —-1.6 0.16 93 1.6 2.9/1.6 4.0/6.0 - -
1246A 114 — - — — — - - - - 1.5/1.0
1246B 114 16—117 53 -1.3 047 98 1.8 5.6/5.0 - 2.3/1.7 -
1247A 124 — - - — — - - - — 2.0/1.6
1247B 130 16-116 49 -1.1  0.19 98 2.0 1.9/1.5 1.32.6 1.5/0.8 -

Hydrate Ridge—summit

1248A 115 — - - — — - - - — 17/7
1248C 115 1-124 57 —-34 039 68 1.5 7.3 - 4.5 -
115 1-30 7 -22 094 26 1.1 18.0 - n.b. -
1249A 115 - - - - - - - - - 73/75
1249F 115 1-88 (8) 48 -3.1 0.32 70 1.1 13.9 23 n.b. —
115 1-30 14 —42 047 39 0.9 23.6 43 n.b. -
115 30-88 34 -28 0.29 79 1.3 11.8 4.6 2.0 -
1250A 114 - - - - - - - - - 26/5
1250C 114 14-109 40 —-1.6  0.19 82 1.8 2.6 0.7 43 -
114 1-14 - - - 0 - - - n.b. -
1250D 114 7-114 57 —-1.2  0.18 94 1.8 1.8 1.4 - -
Slope basin
1251A 200 - - - - - - - - - 1.2/1.0
1251B 200 41-188 13 —1.0 0.8 83 9.4 1.6/1.2 0.5/0.5 b.d. -
1251D 200 34-205 14 —-1.6 1.50 86 10.4 5.2/4.5 0.2/0.2 2.8/1.7 -
1252A 170 19-183 33 -08 0.27 98 49 1.9/1.3 - b.d. -

(1) Sites are designated by numbers; holes at a site are designated by letters.

(2) Corrected for % recovery.

(3) Average gas hydrate content from IR data was calculated as discussed in the text. Results are shown for integration over the gas hydrate
occurrence zone (GHOZ), defined as the depth range over which indicators for gas hydrate were observed, and the gas hydrate stability zone
(GHSZ), defined as the region from the seafloor to the BSR. At Site 1252, the projected depth of the BSR was used. For the summit region, the
GHOZ and the GHSZ are the same because indicators of gas hydrate presence extend from the BSR to the seafloor. At these sites, the gas
hydrate content of the shallow zone of massive hydrate is given separately.

(4) Each number represents the average of one to three samples spaced at unequal intervals. Each sample averages gas hydrate content over ~ 1
m. No PCS data were acquired in Holes 1245B, 124B, 1248C or 1252A. Measurement uncertainties are discussed elsewhere [2].

(5) These estimates represent averages of 15—30 samples/hole spaced at unequal intervals. Each sample averages gas hydrate content over 5—10
cm of core length. Uncertainties due to uncertainties in the baseline are estimated to be +0.5%. b.d.: indicates that any hydrate present was
below the detection level of this technique. n.b.: indicates that no baseline could be estimated because of anomalously high C1™ concentration.
(6) Averages were calculated from pore water saturation estimates based on electrical resistivity data and tabulated at ~ 15-cm intervals and
include hundreds of data points. These data require no correction for core recovery. No RAB data were acquired at Site 1252. Note that all RAB
data are from the “A” hole at a given site, except from Site 1244, where they are from the “B” hole. Holes characterized by RAB data are ~ 50
m away from other holes at that site.

(7) All measurements in the GHOZ or GHSZ were included in the average, including data points indicating no gas hydrate.

(8) 88 mbsf is the depth at the bottom of this hole, which is ~24 m above the BSR.
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(GHOZ), defined as the depth range over which IR
anomalies were observed. As discussed below in Sec-
tion 5, only near the summit were any significant gas
hydrate indicators observed in the upper ~ 40 mbsf.
Because core temperature is sampled at an interval
corresponding to the resolution of the IR scan (~ 1 cm),
the calculated % hydrate represents an integration over
hundreds of samples representing all sediments recov-
ered, even though a given core contains many fewer
identified anomalies. This contrasts with averages
based on PCS and Cl~ concentration data, which
generally sample <3% of the sediment in a borehole.

The primary sources of uncertainty in the IR-based
estimates of gas hydrate content are: (1) incomplete
core recovery; (2) uncertainty in the function used to
convert AT to hydrate content; (3) uncertainty about
whether all picked anomalies are due to gas hydrate;
and (4) uncertainty about whether all hydrate results in
a recognized anomaly. Values given in Table 1 for gas
hydrate concentration were corrected for incomplete
recovery by dividing by the fraction of core recovered,
which was generally >90% except near at the summit.
This correction assumes that the hydrate content of
sediments that were not recovered is the same as in the
recovered sediments; this assumption probably under-
estimates the average gas hydrate content because,
given the generally homogeneous nature of the sedi-
ments, high gas hydrate content was probably a major
reason for poor core recovery during Leg 204 [20].

It is difficult to evaluate whether all picked anoma-
lies represent in situ hydrate. Anomalies observed at
Sites 12441247 at depths shallower than 40 mbsf,
where no hydrate was detected in PCS or Cl™ concen-
tration measurements, may result from gas expansion
rather than from gas hydrate. If those anomalies are
excluded from the integration, estimates integrated
over the GHSZ decrease slightly; however, for Hole
1246B, the estimate increases for the GHOZ because
the shallow anomalies are all of low amplitude and thus
“dilute” the estimate for hydrate in the GHOZ. More
problematic is the fact that our approach to picking IR
anomalies may miss gas hydrate homogeneously dis-
seminated over length scales of greater than a few
centimeters; this would result in a broad anomaly that
would not stand out sharply from other background
temperature variations, leading to an underestimate in
the average gas hydrate concentration obtained by this
technique.

5. Small-scale heterogeneity in gas hydrate
distribution

Vertical variation in gas hydrate content for
several sites is shown in Fig. 6. We discuss the
results at Site 1245 in detail to obtain some prelim-
inary insights into the scale length of spatial varia-
tion in gas hydrate distribution. These preliminary
observations will undoubtedly be refined through
ongoing analysis of the data from Leg 204. At Site
1245, and at all other sites with the exception of
those near the summit, no unambiguous indicators
of gas hydrate were found in the upper ~40 m
beneath the seafloor. All proxies indicate that gas
hydrate is present sporadically between ~40 mbsf
and the BSR at 134 mbsf. IR anomalies indicate
that hydrate lenses or nodules a few centimeters
thick have an average spacing of ~2 m in the
GHOZ and are clustered between 56 and 60 mbsf,
80 and 100 mbsf, and just above the BSR at ~ 134
mbsf. A detailed look at the azimuthal distribution
within one of these clusters obtained from the RAB
data shows the three dimensional nature of hetero-
geneity in gas hydrate distribution on the centimeter
scale (Fig. 4A).

Assuming that the average spacing between IR
temperature anomalies of 2 m is an accurate indica-
tion of the in situ spacing of hydrate lenses away
from the summit, we can use this distribution to
predict how many PCS or Cl™ concentration meas-
urements should indicate the presence of hydrate and
thus evaluate potential spatial biases in these meas-
urements. Half of the PCS cores, which are nomi-
nally 1 m long, should capture a hydrate lens.
Although the total number of PCS samples is too
small to be statistically significant, this is indeed
what was observed. Methane levels above saturation
were obtained in one out of two cores from the
GHOZ at Site 1245 and in three out of six cores in
the combined data set for Sites 1244—1247 if we
include a PCS core from 39.5 mbsf. However, the
concentration estimated by averaging estimates based
on PCS data is not very robust and depends strongly
on a single data point that indicates a gas hydrate
content of 12% at a depth of 121 mbsf in Hole
1245C. Moreover, the PCS data do not constrain the
vertical distribution of gas hydrate, and an apparent
gradual increase with depth in the gas hydrate
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Fig. 6. Comparison of AT anomalies (blue or green bars) to gas hydrate content estimated from dilution of C1™ concentration (red lines) and
from degassing of pressure core samplers (green stars, except in Fig. 4C, where stars are red). (A) Site 1245. Expanded section shows lateral
variation around the circumference of the borehole from 80 to 100 mbsf estimated from RAB data in Hole 1250B. Resistivity scans were
calculated at 56 evenly spaced azimuths around the 10-in. diameter borehole. Gas hydrate content at each position was calculated [31] using
average porosity from the LWD density log, grain density and pore water salinity from shipboard measurements, and the geothermal gradient
from the in situ temperature tool [20]. Maximum calculated concentration is 83% for a nodule near 93 mbsf. Average concentration in this
interval calculated from the RAB data is 8%, similar to that determined from IR and CI™ data. (B) Site 1246. Expanded section shows the IR
temperature anomaly associated with the lower of two coarse-grained layers comprising Horizon B. The picked (A7, AL) curve (red) is overlain
on the temperature profile extracted from the IR images (black). A stratigraphic summary is shown on the right. The onset of the IR anomaly is
associated with the top of coarse-grained layer. Unfortunately most of this layer was taken for microbiology samples and its internal structure
could not be documented by Leg 204 shipboard sedimentologists. A pore water sample from this zone indicated that hydrate occupied 22% of
the pore space. Integration of (A7, AL) over this zone indicates 28% gas hydrate. (C) Sites 1249 and 1250. (D) Site 1251. Expanded section
shows details of the IR thermal anomaly and closely spaced Cl™ concentration measurements from Hole 1251D immediately above the BSR.
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content within the GHSZ that is suggested by
combining all data from the flanks of Hydrate Ridge
[2] may be misleading.

Applying similar reasoning to the ClI~ concentra-
tion data and assuming that each pore water sample
was derived from 10 cm of core and that a sample
must be taken within 5 cm of a hydrate lens for pore
waters to be diluted because of hydrate dissociation
during recovery, we would expect that only 10% of
the samples would “capture” a hydrate lens. How-
ever, 33% of the pore water samples suggest >1%
hydrate concentration. This probably results: (1)
because of a bias towards taking samples for pore
water analysis near IR temperature anomalies, which
leads to an overestimate of average gas hydrate
content, and (2) because small concentrations of
disseminated hydrate detected with the chloride con-
centration data may not have generated significant
temperature anomalies, leading to an underestimate.
Similarity between average gas hydrate contents
calculated from AT and Cl™ anomaly data (Table
1) may reflect the combined effect of these two
factors.

Good correlation between the envelope of AT
anomalies and the 27 CI™ concentration measure-
ments in the GHOZ in Hole 1245B suggests that the
number of Cl~ concentration measurements was
adequate to resolve the large scale pattern of clus-
tering of hydrate lenses, whereas the sparser spacing
of CI” measurements in Hole 1245C was inade-
quate. Error bounds on the amplitude of the concen-
tration versus depth curve obtained from CI—
concentration data, however, are probably quite
large. The sample from Hole 1245B at 53 mbsf,
which yields a concentration estimate of 17% of
pore volume, may have fortuitously captured a 1-cm-
thick hydrate lens within the 10-cm-long sample
taken for this analysis. Other samples suggest much
lower concentrations.

Because little or no hydrate is indicated in Cl™
concentration or PCS data at a similar depth in
Hole 1245C, located 50 m from Hole 1245B, we
infer that hydrate lenses are discontinuous at this
scale. This is consistent with large variations be-
tween holes at Sites 1244, 1246, and 1251 based
on the IR and RAB data. We interpret the varia-
tions to indicate patchy clusters of high gas hydrate
concentration.

6. Regional variations in gas hydrate distribution

Results in Table 1 have been grouped according to
the end-member structural settings discussed in Sec-
tion 2. Average gas hydrate content in each setting is
summarized in Table 2.

6.1. Southern Hydrate Ridge flanks

Based on the data in these tables, we further divide
the region of Hydrate Ridge away from the summit
into two subregions: the western flank, which is
characterized by folded sediments in which faulting
is rare (1245 and 1247), and the eastern flank, which
is characterized by pervasive faulting (Sites 1244 and
1246). The data for holes at Sites1245 and 1247 are
remarkably consistent. The mean gas hydrate content
of the GHSZ is 1.7£0.2% (Table 2). Averaged over
the GHOZ, the mean is 2.7+0.8%.

Sites 1244 and 1246 show greater variability, with
two out of five holes indicating gas hydrate content

Table 2
Mean and standard deviation of gas hydrate content in the pore
space in regions with different seismic reflection characteristics

Sites Hole Hole  Hole Hole Hole Mean and
1 2 3 4 5 standard
deviation
1245 and 1245A 1245B 1245C 1247A 1247B
1247
GHSZ 1.9 1.9 1.6 1.6 1.7 1.74£0.15
GHOZ 3.1 3.8 2.9 2.0 1.9 2.74+0.80
1244 and 1244B 1244C 1244E 1246A 1246B
1246
GHSZ 6.1 2.0 2.1 1.0 5.0 3.24+2.19
GHOZ 8.1 3.2 2.6 1.5 5.6 4.20£2.65
1251 and 1251A 1251B 1251D 1252A
1252
GHSZ 1.0 1.2 4.5 1.3 2.00£1.67
GHOZ 1.2 1.6 5.2 1.9 2.48+1.84

The average for each hole was taken from Table 1. Only IR and
RAB data are included because those estimates are based on
hundreds of data points that sample most of the GHSZ. Inclusion of
estimates from Cl™ and PCS data, weighted by the fraction of the
GHSZ sampled by those measurements (<3% in for all holes),
would not affect these estimates. Data for the summit region were
not included in this table because of the large uncertainty in the IR
data due to poor recovery and the probable errors due to the
presence of free gas in RAB-based estimates at Site 1249.
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>5% averaged over the GHSZ (Table 1). In Hole
1246B, this is due to an apparently high concentration
of gas hydrate associated with seismic Horizon B,
which results from two coarse-grained layers located
~9 m apart that preferentially contain gas hydrate
based on IR and CI™ concentration anomalies (Fig.
6B, insert). This layer is not, however, detected in RAB
data from Hole 1246A. On the other hand, RAB data
from Hole 1244B indicates high concentrations of gas
hydrate distributed in steeply dipping fractures (see
Fig. F8 in the Leg 204 Preliminary Report [14]), but no
anomalously high amount of gas hydrate was detected
with Cl™ concentrations or in the IR data in Hole
1244C. We attribute the greater variability among
boreholes at these two sites to pervasive small-offset
faults (Fig. 2A) that permit more vigorous upward fluid
flow and concentration of gas hydrate in patches along
faults and in favorable lithologies. We then use the
seismic data to map a region in which discontinuous
patches of relatively high gas hydrate content increase
the average gas hydrate content to 3.2+2.2% in the
GHSZ (Fig. 1B) or 4.2£2.7% in the GHOZ (Fig. 2A).

6.2. Southern Hydrate Ridge summit

Beneath the summit (Figs. 2B and 6C), where
persistent, vigorous venting of methane bubbles at
the seafloor has been documented [35], all data
indicate very high concentrations of gas hydrate in
the upper 20-40 m [20,28,29]. Cores contained
hydrate in massive chunks, lenses, nodules, and thin
plates. At Site 1249, the AT anomalies in this depth
range are strong and closely spaced, with gaps due
primarily to poor recovery, and indicate hydrate
content of ~25%. ODP and HYACINTH pressure
cores recovered from Site 1249 at 8 and 14 mbsf,
respectively, indicate hydrate content of ~45%
[2,20]. C1™ concentration and RAB data also indicate
abundant gas hydrate at this site, although hydrate
content cannot be quantified from these data because
underlying assumptions for these two methods are
violated (see Sections 3.1 and 3.2). Considering that
the A7-based estimates are probably underestimated
because of poor recovery, and that pressure core
samples may be overestimated because their locations
were chosen based on evidence in the RAB data for
layers of high hydrate concentration [20], we suggest
that 30—40% is a reasonable estimate for the average

gas hydrate content in the upper 20—40 mbsf at these
sites. Below ~ 30 mbsf, recovery improved consider-
ably. C1™ concentration, A7 anomalies, and PCS data
suggest that hydrate distribution and concentration at
these depths is similar to, or only slightly higher than,
that beneath the flanks of southern Hydrate Ridge.
Similar results are obtained at Sites 1248 and 1250,
although the near-surface zone of high hydrate content
at Site 1250 is thinner (~ 15 m).

The base of the region of very high hydrate content
at the summit is correlated with the base of a zone of
near-surface, high-amplitude, chaotic seismic reflec-
tions at Sites 1249 and 1250, and the lateral extent of
this seismic pattern is coincident with moderate-to-
high seafloor acoustic backscatter (Fig. 7). We esti-
mate the size of this concentrated gas hydrate deposit
to be approximately 300 by 500 by 30 m; the amount
of methane trapped in this deposit is therefore 1.5—
2x10% m® at STP. If the region beneath the carbonate
pinnacle, which was not sampled by drilling, is
excluded from this estimate, the total amount of gas
is decreased by ~20%. This association of high gas
hydrate content with distinctive patterns of seafloor
and subsurface reflectivity may permit mapping con-
centrated near-surface gas hydrate deposits elsewhere.

6.3. Eastern slope basin

Beneath the slope basin east of southern Hydrate
Ridge (Site 1251), the distribution and concentration of
gas hydrate is different from the two flank and summit
environments discussed above. AT anomalies are, on
average, widely spaced and of low amplitude (Figs. 2C
and 4D). Three out of six PCS cores show methane
concentration slightly above saturation [2,20], indicat-
ing ~ 1% hydrate in the pore space, similar to the
concentration of 1.0% indicated by RAB data in Hole
1251A and 1.2% indicated by AT anomalies in Hole
1251B. Although chloride concentration decreased
smoothly, presumably because of equilibration with
low chloride fluid from deep in the accretionary com-
plex, no anomalous local dilution of chloride concen-
tration was observed [20]. We conclude that the
average hydrate content of the slope basin is very
low. This may be due in part to very rapid recent
deposition of turbidites and debris flows that consist
of reworked sediments low in metabolizable organic
matter.
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Fig. 7. Correlation between seafloor and subsurface reflectivity near
the summit. Upper panel shows seafloor reflectivity from deep-
towed sidescan sonar data [17]. Lines indicate location of two
seismic sections extracted from the 3D seismic reflection volume.
“x” shows the locations of ODP sites. See Fig. 1B for site labels.
Numbers on the sidescan sonar and seismic images indicate
collocated points. The highest seafloor reflectivity is associated
with the carbonate pinnacle. Mottled reflectivity, both on the
seafloor and in the subsurface, is associated with the presence of
massive hydrate.

An exception to the observation of low hydrate
concentration in the basin occurs in a 12-m-thick zone
immediately above the BSR in Hole 1251D, which is
characterized by an exceptionally strong and persis-
tent IR anomaly (Fig. 4D). Cl™ concentration anoma-
lies from several samples in this zone suggest that the
hydrate content is ~20% (Fig. 6D, insert). Small
white grains in the pore space were reported, based
on visual inspection of the core immediately after

recovery, but were not present when samples pre-
served in liquid nitrogen were examined later, perhaps
because gas hydrate dissociated before the cores
cooled to ~—60 °C (the temperature for hydrate
stability at 1 atm). No pressure cores were obtained
from this interval for comparison. We note that in
Hole 1251B, we were not able to recover any sedi-
ment from this zone using the advanced piston core
(APC). Based on the observation that coring with the
extended core barrel (XCB) resulted in colder cores
(Fig. 4B), we used the XCB on our second attempt to
core this zone and were successful. This layer does
not appear in the RAB data from Hole 1251A, located
~ 50 m away, suggesting a patchy distribution.
Inclusion of this basal hydrate-rich layer increases
the estimate of the average gas hydrate content of the
slope basin by a factor of 2. This may be an underes-
timate if the layer was present but not sampled in Hole
1251B. This lens of high gas hydrate concentration is
probably related to free gas in dipping stratigraphic
horizons, as indicated by the strong amplitude of
dipping reflections beneath the BSR (Fig. 2C). Based
on the seismic data, which indicate that the high
amplitude reflectivity does not extend everywhere
beneath the basin, the lateral extent of this layer is
shown in Fig. 1B. We note that this deep layer of high
hydrate content is along strike with an enigmatic
alignment of vents along the boundary between Hy-
drate Ridge and the slope basin to the east [16,17] and
speculate that these vents formed in response to uplift
and destabilization of similar gas hydrate-rich lenses
near the base of the gas hydrate stability zone.
Although a few low-amplitude IR temperature
anomalies were reported from Site 1252, no PCS or
RAB data were obtained and no chloride concentra-
tion anomalies were observed. If gas hydrate is present
at this site, it must be in very low concentration. We
note that this site is adjacent to a buried anticlinal
structure that contains a strong BSR. Based on mul-
tiple small faults in strata at the crest of the anticline
and other characteristics of the seismic data, we
speculate that gas hydrate is present in this structure.

7. Comparison to other areas

Our estimates of the gas hydrate content of the
accretionary complex everywhere but near the sea-
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floor at the summit of the structure are similar to the
average concentration of 2—7% estimated for sedi-
ments of the Blake Ridge [36,37], although the total
amount of methane per unit area beneath Blake Ridge
is greater because of the greater thickness of the
GHSZ and greater methane solubility beneath Blake
Ridge. Our estimates are significantly lower than
estimates of 20—35% that have been reported for the
northern Cascadia margin offshore Vancouver [27],
which is in a structurally and stratigraphically similar
setting. The northern Cascadia estimates are based
primarily on geophysical and ClI~ anomaly data from
ODP Site 889 and depend strongly on assumed base-
lines [27]. Our results suggest that these estimates
should be reevaluated.

8. Implications and consequences of heterogenous
gas hydrate distribution

Through integration of a variety of methods with
different spatial resolution and sensitivity to gas
hydrate content, we have obtained the first high-
resolution estimate of the three-dimensional distribu-
tion of gas hydrate within an accretionary ridge
system. Spatial variability in gas hydrate distribution
determined from ODP drilling data has been corre-
lated with stratigraphic and structural patterns imaged
in high-resolution 3D seismic data and provides new
insights into the possible response of marine gas
hydrates to tectonic and environmental change. The
small amount of gas hydrate present, when averaged
over the entire study region, supports conservative
estimates of the global volume of methane stored in
gas hydrate. This leads to questions about whether
the role of gas hydrates in driving global change [2]
or as a global fossil fuel resource [4] is as important
as has been hypothesized [1]. High concentrations of
gas hydrate, however, are present locally and may be
of commercial value in the future [5]. Deposits of
massive hydrate found near the seafloor should
respond rapidly to regional or global ocean warming
or changes in sea level, as has been hypothesized in
global climate change scenarios, if they are located
on the continental slope near the upper limit of the
hydrate stability zone. These deposits are also sus-
ceptible to disruption by earthquakes, during which
large, buoyant blocks of gas hydrate may be detached

from the seafloor; these blocks will rapidly float to
the sea surface, where they will dissociate and vent
methane directly to the atmosphere [18]. Relatively
high concentrations of gas hydrate are also found at
depth in patchy zones several meters thick. These
zones may be destabilized by tectonic uplift, produc-
ing inversions in sediment strength and fluid/gas
pressure that may drive venting and slope instability.
This phenomenon may be responsible for an enig-
matic alignment of vent-like structures observed
along the eastern flank of Hydrate Ridge north of
Site 1251 [16,17].

The results of this study also provide a challenge
for models of gas hydrate formation in nature and for
models to derive gas hydrate content from seismic and
other remote sensing data. Although the observations
are consistent with microscopic scale models that
predict differences in hydrate distribution as a func-
tion of sediment grain size [38], the heterogeneity at
larger scales is not explained by currently available
quantitative models for the vertical distribution of gas
hydrate within the hydrate stability zone [39-41],
which all predict gradual changes in gas hydrate
concentration with depth. Time-dependent models
that include multiphase fluid flow in a heterogeneous
medium are needed.
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