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1. LEG 204 SUMMARY'

Shipboard Scientific Party?

ABSTRACT

During Leg 204, we cored and logged nine sites on the Oregon conti-
nental margin to determine the distribution and concentration of gas
hydrates in an accretionary ridge and adjacent slope basin, investigate
the mechanisms that transport methane and other gases into the gas
hydrate stability zone (GHSZ), and obtain constraints on physical prop-
erties of gas hydrates in situ. A three-dimensional seismic survey con-
ducted from 19 June through 3 July 2000 provided images of potential
subsurface fluid conduits and indicated the depth of the bottom-
simulating reflector (BSR), a commonly used proxy for the base of the
GHSZ. After coring at the first site, we acquired logging-while-drilling
(LWD) data at all but one site to provide an overview of downhole
physical properties prior to coring. The LWD data confirmed the gen-
eral position of key seismic stratigraphic horizons and yielded an initial
estimate of gas hydrate concentration through the proxy of in situ elec-
trical resistivity. These records proved to be of great value in planning
subsequent coring. We also tested the use of infrared (IR) thermal imag-
ing of cores as a new and effective tool to identify gas hydrates as rap-
idly as possible after core retrieval. The thermal images were used to es-
timate the distribution and texture of hydrate within the cores.
Geochemical analyses of interstitial waters and of headspace and void
gases provided additional information on the distribution and concen-
tration of gas hydrate within the GHSZ, the origin and pathway of flu-
ids into and through the GHSZ, and the rates at which the process of
gas hydrate formation is occurring. Biostratigraphic and lithostrati-
graphic descriptions of cores, measurement of physical properties, in
situ pressure core sampling, and thermal measurements complement
the data set, providing ground-truth tests of inferred physical and sedi-
mentological properties.

Among the most interesting preliminary results are the following:
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Near the southern summit of Hydrate Ridge, very high concen-
trations of gas hydrate are present from the seafloor to ~30
meters below seafloor (mbsf), and they contain significant
amounts of C,, hydrocarbon gases in addition to methane.
High chloride concentrations near the summit indicate that hy-
drate formation is recent and rapid.

The lateral extent of the near-surface gas hydrate deposit at the
summit can be mapped based on its backscatter and seismic sig-
nature.

Away from the summit, no gas hydrate is present in the upper
~45 mbsf.

Between ~45 mbsf and the base of the GHSZ, gas hydrates are
distributed in lenses that are probably controlled by the physical
properties of the sediments.

In a slope basin east of Hydrate Ridge, gas hydrate concentration
is quite low, with the probable exception of a 12-m-thick zone of
relatively high concentration near the base of the GHSZ.
Different physical and chemical proxies for gas hydrate distribu-
tion and concentration give generally consistent results.
Thermal anomalies recorded by systematically scanning cores
with an IR thermal-imaging camera provide a robust record of
gas hydrate distribution that can be calibrated using estimates of
in situ gas hydrate concentration derived from pressure core
samples and anomalies in chloride concentration.

An unprecedented number of cores retrieved at in situ pressure
provide accurate estimates of subsurface methane concentra-
tion.

Density logs of cores retrieved at in situ pressure provide details
of in situ gas hydrate distribution and direct evidence for free gas
within the GHSZ and can be used to study the response of gas
hydrate to depressurization.

The base of the GHSZ represents a discontinuity in C,/C, and
other chemical constituents of pore waters and gas voids, indi-
cating that gas hydrate formation has profound geochemical ef-
fects.

Several different geochemical mixing and fractionation signals
provide constraints on fluid flow and gas hydrate dynamics.
Ash-rich layers and thick turbidites serve as conduits for fluid
flow.

Borehole breakouts provide constraints on tectonic forces and
possibly on the in situ strength of gas hydrate-bearing sediments.

INTRODUCTION

Gas hydrate is an icelike compound that contains methane and/or
other low molecular weight gases in a lattice of water molecules. Gas
hydrates are stable under the temperature and pressure conditions gen-
erally found in the Arctic and near the seafloor at water depths >300 m.
They are quite common beneath the slope of both active and passive
continental margins where methane originates from the decomposition
of organic matter by biogenic and/or thermogenic processes. Interna-
tional interest in gas hydrates has increased considerably in the past
several years because of increasing recognition that the large volumes of
gas stored in these structures represent a significant fraction of the glo-
bal carbon budget (see review by Kvenvolden and Lorenson, 2001) and
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may be a potential energy resource for the future (e.g., Milkov and Sas-
sen, 2002). Several authors have also suggested that sudden widespread
dissociation of subseafloor gas hydrates in response to changing envi-
ronmental conditions may have had a significant effect on past climate
(e.g., Revelle, 1983; Nisbet, 1990; Paull et al., 1991; Katz et al., 1999;
Dickens, 2001). These effects remain speculative, as the volume of gas
stored in the global gas hydrate reservoir and its behavior during
changing environmental conditions are currently poorly constrained.

In order to evaluate the economic potential of hydrates, their role as
a natural hazard, and their impact on climate, we need to know the fol-
lowing:

How are hydrates and underlying free gas distributed vertically and
horizontally in the sediment?

What controls the distribution of gas hydrates and free gas (i.e., lith-
ologic controls on fluid migration and on hydrate nucleation
and growth)?

What are the effects of the distribution of gas hydrate and free gas on
the mechanical properties of the seafloor?

How can gas hydrate and free gas distribution be regionally mapped
using remote sensing geophysical techniques?

How does gas hydrate respond to changes in pressure and tempera-
ture resulting from tectonic and oceanographic perturbation?

How can we use the isotopic record preserved in microfossils and au-
thigenic minerals as a proxy for past tectonic and climate
changes?

How does the sedimentary biosphere impact the formation and oxi-
dation of methane?

These questions were the focus of Ocean Drilling Program (ODP) Leg
204, which was dedicated to understanding the biogeochemical factors
controlling the distribution and concentration of gas hydrates in an ac-
cretionary margin setting. A three-dimensional (3-D) seismic site survey
(Tréhu and Bangs, 2001; Tréhu et al., 2002) and logging-while-drilling
(LWD) data acquired at the beginning of the leg provided “road maps”
to guide coring and sampling. These data enabled us to anticipate the
depths at which gas hydrates should be expected and select targets for
special sampling tools. Accurate quantification of in situ gas hydrate and
free gas concentrations is difficult because of hydrate dissociation and
gas loss during core retrieval (Paull and Ussler, 2001). A major focus of
Leg 204 was therefore to acquire samples under pressure using the ODP
pressure core sampler (PCS) system and the recently developed Hydrate
Autoclave Coring Equipment (HYACE) system, which includes a labora-
tory transfer chamber for maintaining pressure while making physical
property measurements. Extensive use was made of infrared (IR) cameras
immediately after core retrieval to rapidly identify potential hydrate-
bearing samples and preserve them for careful study. Special attention
was also given to making high-resolution measurements of the chemis-
try of interstitial waters (IWs), resulting in a large number of IW samples
from this cruise. We also deployed tools to measure in situ temperature
and pore pressure, especially in zones where LWD data indicated rapid
changes in the physical properties of the sediments, and acquired down-
hole and two-ship seismic data.
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GEOLOGIC AND BIOGEOCHEMICAL SETTING

Hydrate Ridge is a 25-km-long and 15-km-wide ridge in the Cascadia
accretionary complex, formed as the Juan de Fuca plate subducts ob-
liquely beneath North America at a rate of ~4.5 cm/yr (Fig. F1A). Sedi-
ment on the subducting plate contains large volumes of sandy and silty
turbidites. At present, most of this sediment is accreted to the continen-
tal margin either by offscraping at the deformation front or by under-
plating beneath the accretionary complex some 10 km east of the defor-
mation front (MacKay et al., 1992; MacKay, 1995) (Fig. F2).

Hydrate Ridge has been the site of many geological and geophysical
cruises since cold seeps were first discovered on this part of the margin
nearly 20 yr ago (Kulm et al., 1986). It is characterized by a northern
summit at a water depth of ~600 m and a southern summit at a water
depth of ~800 m (Fig. F1B). A nearly ubiquitous bottom-simulating
reflector (BSR) (Tréhu et al., 1999) suggests that gas hydrate is present
throughout Hydrate Ridge.

A regional two-dimensional multichannel seismic survey was ac-
quired in 1989 as a site survey for ODP Leg 146, a drilling leg designed
primarily to study dynamics of fluid flow in accretionary complexes.
The location where an upward deflection of the BSR is cut by a fault on
the northern summit of Hydrate Ridge was selected for ODP Site 892
(Westbrook et al., 1994). At this site, massive H,S-rich hydrates were re-
covered from 2 to 19 meters below seafloor (mbsf) (Kastner et al., 1995).
No hydrate was recovered near the BSR, but geochemical pore water
and temperature anomalies suggested the presence of gas hydrate to 68
mbsf (Kastner et al., 1995; Hovland et al., 1995). Vertical seismic pro-
files (VSPs) indicated the presence of free gas for at least 20 m beneath
the BSR (MacKay et al., 1994), and ocean-bottom seismometer (OBS)
data suggest that free gas may extend for several 100 mbsf (Tréhu and
Flueh, 2001). Methane at Site 892 is primarily of microbial origin
(Kvenvolden, 1995), but C,, hydrocarbon gases of thermogenic origin
are also present (Hovland et al., 19935; Schliiter et al., 1998).

Since 1996, there have been several cruises per year to northern and
southern Hydrate Ridge. These cruises have generated a comprehensive
swath bathymetry and a deep-towed side-scan database as well as exten-
sive seafloor observations and sample collections by submersibles and
remotely operated vehicles (ROVs) (Suess and Bohrmann, 1997; Clague
et al.,, 2001; Johnson et al., in press; Torres et al., 1998, 1999; Bohrmann
et al., 2000; Linke et al., 2001). In addition, a high-resolution 3-D seis-
mic survey was conducted from 19 June to 3 July 2000 as a site survey
for Leg 204 (Tréhu and Bangs, 2001; Tréhu et al., 2002).

Seafloor Observations of Southern Hydrate Ridge

Side-scan data, seafloor camera tows, and diving with the manned
submersible Alvin and various ROVs demonstrated the presence of ex-
tensive massive carbonate pavement on the northern summit of Hy-
drate Ridge (Carson et al., 1994; Clague et al., 2001; Sample and Kopf,
1995; Bohrmann et al., 1998; Greinert et al., 2001). Until recently, mas-
sive authigenic carbonate pavement was thought to be absent on the
southern summit of Hydrate Ridge. During Alvin dives in 1999, how-
ever, a 50-m-high carbonate spire (the “Pinnacle”) (Figs. F1C, F4A) was
discovered ~250 m southwest of the summit (Torres et al., 1999). Deep-
towed side-scan data indicate that the Pinnacle is located in the center

F1. Tectonic setting of Hydrate
Ridge, p. 51.

F2. Line drawing of the crustal
structure across Hydrate Ridge,
p- 52.
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of a buried carbonate apron with a diameter of ~250 m (Johnson et al.,
in press). Authigenic carbonates on the Cascadia margin form within
the sediments and at the seafloor as a result of oxidation of isotopically
light methane. The relative absence of carbonate on the southern sum-
mit of Hydrate Ridge was interpreted to indicate that this gas hydrate
system is younger than that on the northern summit, providing a spa-
tial proxy for temporal evolution of hydrate-bearing accretionary ridges
(Tréhu et al., 1999). This interpretation is supported by U-Th dating of
recovered carbonates (Teichert et al., in press), which indicates that the
Pinnacle is at least 11,400 yr old, whereas the carbonate chemoherms
on northern Hydrate Ridge are up to 71,000 yr old.

One especially interesting feature of southern Hydrate Ridge is the
abundance of massive hydrate at the seafloor near its summit. This was
first discovered in 1996, when >50 kg of massive hydrate was recovered
with a television-guided grab sample (Bohrmann et al., 1998). The sam-
ples show dense interfingering of gas hydrate with soft sediment (Fig.
F4B). In most cases, pure white hydrate is present in layers several milli-
meters to several centimeters thick. Host sediment is often present as
small clasts within the pure gas hydrate matrix. On a macroscopic scale,
the gas hydrate fabric varies from highly porous, with pores of up to 5
cm in diameter, to massive (Suess et al., 2001). Thin sections show a
structure in which gas bubbles have been filled with hydrate. Wet bulk
densities of 80 hydrate samples measured on board the Sonne range
from 0.35 to 0.75 g/cm?3 (Suess et al., 2002). Pore space was estimated
from the change in sample volume before and after compression to
~160 kbar. The samples show high variability in pore volumes ranging
from 10% to 70%, and the values are negatively correlated with sample
density. From this correlation, the end-member density at zero porosity
was estimated to be ~0.79 g/cm3. This value is lower than the theoreti-
cal density of pure methane hydrate (0.91 g/cm3). Field-emission
scanning electron microscopy indicates that this is a result of submi-
crometer porosity of the massive hydrate (Suess et al., 2002). The low
bulk density of the natural methane hydrates from Hydrate Ridge re-
sults in a strong positive buoyancy force, implying that the massive gas
hydrate remains on the seafloor only because of the shear strength of
the host sediment. The unusual seafloor topography observed on
southern Hydrate Ridge during Alvin and ROPOS surveys, which is char-
acterized by mounds and depressions with a wavelength of a few meters
(Fig. F4C), may result from spontaneous breaking off of hydrate from
the seafloor. This may be an important mechanism for transporting
methane from the seafloor to the atmosphere (Suess et al., 2001). An
important objective of Leg 204 was to determine the depth to which
massive gas hydrate is present.

Vigorous streams of methane bubbles have been observed emanating
from vents on the seafloor on the northern and summit regions of Hy-
drate Ridge (Suess and Borhmann, 1997; Suess et al., 1999; Torres et al.,
1998, 1999, 2002; Heeschen et al., 2003) as well as from a similar, but
smaller, reflective high in the accretionary complex known as Southeast
Knoll (Figs. F1B, F3B). Because the seafloor at all three sites is well
within the gas hydrate stability zone (GHSZ) (Fig. F3A), the presence of
methane bubbles beneath and at the seafloor suggests rapid transport of
methane to the seafloor from sediments beneath the GHSZ. Another
objective of Leg 204 was to determine the mechanism whereby free gas
migrates through the GHSZ to reach the water column.

F3. Water temperature profiles and
echo sounder records from south-
ern Hydrate Ridge, p. 53.
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Biological Communities Associated with Hydrate
and Geochemical Implications

Communities of tube worms, bacterial mats, clams, and other fauna
are associated with seafloor hydrates and methane vents on Hydrate
Ridge (Fig. F4D) and elsewhere (e.g., Kulm et al., 1986; MacDonald et
al., 1989; Suess et al., 1999, 2001; Sassen et al., 2001). Chemosynthetic
microorganisms, some of which are symbionts within larger fauna, are
at the base of the food chain in these communities. Recent work sug-
gests complex complementary relationships between sulfate-reducing,
methanogenic, and methanotrophic microorganisms in hydrate-bear-
ing sediments (e.g., Parkes et al., 2000; Boetius et al., 2000). These mi-
croorganisms are the kinetic controls on low-temperature methane for-
mation and oxidation and are, therefore, a critical component of the
hydrate system. Identification of these organisms and determination of
their abundances, spatial variability, and activity are just beginning.

Particularly interesting are recently discovered organisms that play a
critical role in anaerobic methane oxidation (AMO). Methane oxidation
generates isotopically light dissolved inorganic carbon and results in
the formation of authigenic carbonates. These carbonates remain in the
geologic record as evidence of past fluid flow and hydrate formation
and dissociation (e.g., Sample and Kopf, 1995; Bohrmann et al., 1998;
Greinert et al., 2001). Very high rates of AMO have been measured in
sediment overlying massive gas hydrates on southern Hydrate Ridge
(Boetius et al., 2000) and attributed to structured aggregates consisting
of a central cluster of methanotrophic Archaea surrounded by sulfate-
reducing bacteria. That microbes oxidize methane by utilizing sulfate in
the absence of oxygen was long suspected by geochemists based on in-
terstitial sulfate and methane gradients (e.g., Claypool and Kaplan,
1974). Borowski et al. (1996) showed that steep sulfate gradients and
shallow depths to the sulfate/methane interface (SMI) are a conse-
quence of the increased influence of AMO, and Boetius et al. (2000)
were the first to observe the microorganisms that presumably catalyze
AMO. These microbial aggregates appear to be abundant in sediments
of Hydrate Ridge and mediate AMO when enough sulfate is available.

Analysis of sulfide minerals provides a possible opportunity to recon-
struct past biological activity because most of the reduced sulfide pro-
duced during microbial sulfate reduction is ultimately sequestered in
various iron phases, which usually involves multiple steps terminating
in the formation of sedimentary pyrite. The burial of these mineral
phases contributes significantly to the oxygen level of the atmosphere,
the sulfate concentration in seawater, and the pH of the oceans over
geologic timescales (e.g., Garrels and Perry, 1974; Holland, 1978; Bou-
dreau and Canfield, 1993). Anomalous intervals of high greigite con-
tent have been reported in intervals from which gas hydrates were re-
covered or were inferred to exist (Housen and Musgrave, 1996). Based
on the rock magnetic properties at Site 889, Housen and Musgrave
(1996) inferred the presence of a “fossil gas hydrate zone,” which may
have extended downward to 295 mbsf during the last glaciation. Data
acquired during Leg 204 will be used in several shore-based studies to
further understand the relationships between bacterial activity and sul-
fide mineralogy.

F4. Biogeochemical setting of Hy-
drate Ridge, p. 54.
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HIGH-RESOLUTION THREE-DIMENSIONAL
SEISMIC DATA

Prior to acquisition of a 3-D high-resolution seismic site survey in
2000 (Tréhu and Bangs, 2001; Tréhu et al., 2002), the relationship be-
tween subsurface reflections and the summit vents was not known be-
cause no seismic profiles crossed the summit. The 3-D survey covers a 4
km x 10 km region that includes the southern summit and the slope ba-
sin to the east. Shots from two generator-injector guns fired simulta-
neously were recorded on the Lamont-Doherty Earth Observatory
(LDEO) portable 600-m-long 48-channel towed streamer and on an ar-
ray of 21 four-component OBSs (Institute for Geophysics, University of
Texas). The locations of the ship and of the streamer were determined
via the Differential Global Positioning System and four compasses, re-
spectively, and data coverage was monitored during the cruise to iden-
tify locations where additional data were needed. Excellent data quality
was obtained in spite of strong winds and high seas. The data contain
frequencies up to ~250 Hz, providing considerable stratigraphic and
structural resolution.

Figure F5 shows an east-west slice from the 3-D data. The profile is
coincident with line 2 from the 1989 site survey (Fig. F2B). Locations of
Sites 1244-1246 and 1252 are shown. Features in the data that were par-
ticular targets of Leg 204 are labeled. An upper facies of folded and up-
lifted sediments unconformably overlies a low-frequency incoherent fa-
cies interpreted to be highly deformed accretionary complex material.
These two facies were sampled during Leg 204. Figure F6 shows seismic
profiles that trend approximately north-south and illustrates the setting
of Sites 1245, 1247, and 1248-1250, which form a transect from the
flank to the summit.

The BSR is a negative polarity reflection generally believed to result
from free gas underlying gas hydrate at the base of the GHSZ; a strong
BSR is seen everywhere along the profiles of Figures F5 and F6, except
for locally near Site 1252. The seismic data also show considerable stra-
tigraphic and structural complexity both above and below the BSR. Cer-
tain reflective horizons are anomalously bright, and these amplitude
anomalies are laterally continuous for hundreds of meters. Table T1
gives the depth to the BSR and other major reflections estimated prior
to Leg 204 using seismic velocities obtained from inversion of first ar-
rivals of data recorded on OBSs during the 3-D seismic survey (Ar-
senault et al., 2001). These estimated depths proved to be quite accu-
rate. Some minor revisions to these depths, based on data from Leg 204,
are also given.

Horizon A

The seismic reflection labeled “A” on Figure F5 has an amplitude that
is ~10 times that of adjacent stratigraphic events and 10 times that of
the BSR. Horizon A gets shallower and brighter toward the southern
summit, as shown on relative true-amplitude seismic sections in Figure
F6. Maps of the two-way traveltime (TWT) to this surface, of the time
between this surface and the BSR, and of the amplitude of the seismic
wavelet are also shown in Figure F6. These maps show that the ampli-
tude of the Horizon A reflection is related to depth below sea level (or
hydrostatic pressure) rather than depth below the seafloor. Speculation
that this horizon is a major path transporting methane-rich fluids to

F5. East-west vertical slice through
the 3-D seismic data, p. 55.

F6. North-south-trending vertical
slices from the 3-D seismic data
volume, p. 56.

T1. Estimated depth to major seis-
mic horizons, p. 71.
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the summit of Hydrate Ridge and that the change in amplitude results
from the onset of pressure-dependent exsolution of methane from flu-
ids rising along Horizon A (Tréhu et al., 2002) were tested during Leg
204 by drilling at Sites 1245, 1247, 1248, and 1250. Sediments that lap
onto Horizon A suggest that it is an uncomformity, as are the overlying
Horizons Y and Y.

Seismic Signature of the Southern Summit

Figure F7 shows the characteristics of Horizon A and of overlying ac-
tively venting features in the immediate vicinity of the southern sum-
mit of Hydrate Ridge. Locations of sections are shown on a map of sea-
floor reflectivity obtained by a deep-towed side scan (Johnson et al., in
press) to illustrate the relationship between seafloor manifestations of
venting and subsurface reflectivity. Chaotic bright reflectivity is ob-
served just beneath the seafloor at the summit (line 300) (Fig. F7B). This
reflectivity pattern is observed only at the summit and is almost exactly
coincident with the “tongue” of intermediate strength seafloor reflec-
tivity northeast of the Pinnacle observed in the deep-towed side-scan
data. This pattern also underlies the acoustic bubble plume that was ob-
served each time the southern summit was crossed during the seismic
data acquisition cruise. We speculated that this pattern indicates the
depth extent of surface massive hydrate (Tréhu et al., 2002) and tested
this speculation by drilling at Site 1249.

Horizon A is probably a primary source of fluids for the summit
vents. The mechanism whereby methane migrates from Horizon A to
the seafloor, however, is not imaged in the seismic data. The region be-
tween Horizon A and the seafloor may be broken by small faults too
small to be resolved in the seismic data. Site 1250 was planned to test
this hypothesis.

Horizons B and B’ on the Eastern Flank
of Hydrate Ridge

A pair of strong reflections, referred to as Horizons B and B’, are also
observed east of the southern axis of Hydrate Ridge and appear to be as-
sociated with an active secondary anticline (Anticline A) (Fig. F5). In
contrast to Horizon A, Horizons B and B’ are pervasively faulted, with
offsets consistent with tensional cracking in response to uplift and fold-
ing. These reflections seem to originate at Reflection AC (Fig. F5), inter-
preted to represent the top of the accretionary complex. Tréhu et al.
(2002) speculated that Horizons B and B’ might be permeable strati-
graphic horizons transporting fluids from the accretionary complex
into the GHSZ. Sites 1244 and 1246 were designed to test this hypothe-
sis by sampling Horizons B and B’ above and below the BSR.

Slope Basin East Of Hydrate Ridge

Site 1251 is located in the slope basin east of Hydrate Ridge. Sedi-
ments are accumulating rapidly in this basin, and the BSR is character-
ized by a change in amplitude of dipping stratigraphic horizons, with
large amplitudes indicative of free gas below the BSR (Fig. F8). This site
was chosen to provide a relative reference site where the processes con-
trolling hydrate formation were hypothesized to be similar to those on
the Blake Ridge of the Atlantic continental margin of the United States.
Gas hydrates on the Blake Ridge were drilled during ODP Leg 164

F7. Seismic details near the sum-
mit of southern Hydrate Ridge,
p- 57.

F8. East-west-trending vertical
slices through the seismic data
around Sites 1251 and 1252, p. 58.
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(Paull, Matsumoto, Wallace, et al., 1996). A secondary objective was to
sample a layer in the center of the basin (labeled DF1 in Fig. F8), which
was interpreted to represent a massive debris flow based on the absence
of internal reflectivity. This horizon is one of two such thick events that
can be traced through much of the 3-D data set.

Site 1252 was chosen to sample the sediments underlying Horizon
AC where they are uplifted to form Anticline B. Here the sediments ap-
pear to be less deformed than beneath the crest of Hydrate Ridge and
retain some coherent internal structure. Another objective at Site 1252
was to determine the reason for the absence of a BSR at Site 1252, in
contrast to the very strong BSR observed only ~300 m to the east in the
core of Anticline B. A third objective was to sample the lower inferred
debris flow, which appears to have been blocked by Anticline B. Anti-
cline B must have represented a topographic high when these sedi-
ments were deposited.

SUMMARY OF SCIENTIFIC OBJECTIVES

Stratigraphic and Structural Controls
on Hydrate Development

The structural and stratigraphic setting of Hydrate Ridge contrasts
with that of the adjacent slope basin to the east. Beneath the slope ba-
sin, the seismic indicators of gas hydrate and free gas are similar to
those on the Blake Ridge, with an intermittent BSR and enhancement
of stratigraphic reflectivity beneath the BSR (Holbrook et al., 1996). The
sedimentation rate in this basin was expected to be very high. During
Leg 204, we tested the hypothesis that the distribution, texture, and
chemistry of hydrate and related pore fluids beneath Hydrate Ridge are
different compared to the slope basin.

Formation of Massive Hydrate Near the Seafloor

The presence of massive hydrate near the seafloor is enigmatic, as
most models for hydrate formation in a region of diffuse fluid flow pre-
dict a decreasing gradient in hydrate concentration above the BSR (e.g.,
Paull et al., 1994; Rempel and Buffett, 1998; Xu and Ruppel, 1999). Sev-
eral explanations have been proposed including formation in the past
when the stability boundary was near the seafloor, formation at depth
and exposure by erosion (Bohrmann et al., 1998), and transport of
methane through the hydrate stability field as free gas isolated from wa-
ter (Suess et al.,, 2001). One objective of Leg 204 was to obtain con-
straints on the rate of hydrate formation, the depth extent of the mas-
sive hydrate, and mechanisms for transporting methane-rich fluids to
the seafloor.

Methane Sources and Geochemical Effects
of Hydrate Formation and Dissociation

It has been well established that fluids play a major role in many as-
pects of the geologic evolution of convergent margins. Changes in the
chemical and isotopic composition of interstitial fluids with depth have
been shown to be powerful tracers of fluid sources and migration pat-
terns. Important objectives of Leg 204 were to document the fluid flow
regime and evaluate its role in the formation of gas hydrates. Because
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hydrate formation and destabilization modify the isotopic composition
of the hydrogen and oxygen in pore water, a high-resolution set of pore
water samples was collected during Leg 204, with the goal of using the
dissolved chloride and the isotopic composition of these waters to con-
strain models of formation and dissociation of gas hydrates on this
margin.

Geochemical Impact on the Geological Record

Changes in the isotopic composition of the dissolved carbonate re-
sulting from oxidation of methane enriched in '2C are thought to be in-
corporated into calcareous fossil tests (Wefer et al., 1994; Dickens et al.,
1995, 1997; Kennett et al., 2003) and authigenic carbonate phases (e.g.,
Sample and Kopf, 1995; Bohrmann et al., 1998). An objective of Leg
204 was to determine the isotopic composition of the pore fluids and
carbonates associated with gas hydrates to provide the framework
needed to unravel the history of gas hydrate formation and dissociation
recorded in benthic foraminifers and authigenic carbonate phases.

Calibration of Geophysical Estimates
of Hydrate and Gas Volumes

Better calibration of regional estimates of gas hydrate and free gas
volumes, based on geophysical mapping and modeling techniques, is of
critical importance toward estimating the global abundance of hydrate
and evaluating its role in climate change and its potential for economic
exploitation. During Leg 204, we drilled through hydrates in a variety
of settings with different seismic characteristics, measured in situ physi-
cal conditions, and conducted a series of nested seismic experiments to
calibrate various techniques for remote sensing of hydrate distribution
and concentration.

Hydrates and Slope Stability

The possible relationship between hydrates and slope failure is, at
present, poorly understood. On the one hand, hydrates may stabilize
slopes by cementing sediment grains. On the other hand, if hydrates
impede fluid flow, they may weaken the underlying sediment by trap-
ping fluids and free gas. Several investigators have noted the possible
correlation between gas hydrates and slope instability (e.g., Booth et al.,
1994; Tréhu et al., 1995; Paull, Matsumoto, Wallace, et al., 1996) and
have discussed how such slope instability might release massive
amounts of methane into the ocean (Paull, Matsumoto, Wallace, et al.,
1996; Nisbet and Piper, 1998). One objective of Leg 204 was to deter-
mine the mechanical, hydrological, and dynamic properties of hydrate-
bearing sediment to better constrain models of slope instability induced
by earthquakes, changes in sea level, or changes in ocean temperature.

Biological Communities Associated with Hydrate
and Underlying Free Gas Zones

Microorganisms play an important role in both methane formation
and oxidation and are, therefore, a critical component of the hydrate
system. Identification of these organisms and determination of their
abundance, spatial variability, and rates of activities is just the begin-

10



SHIPBOARD SCIENTIFIC PARTY
CHAPTER 1, LEG 204 SUMMARY

ning. Important questions addressed during Leg 204 included the fol-
lowing:

What impact do the microorganisms have on the volume of methane
produced and oxidized beneath Hydrate Ridge?

At what depths are they concentrated?

What effect do they have on sediment diagenesis and the develop-
ment of magnetic minerals?

Does the hydrate-related biosphere differ between Hydrate Ridge and
the adjacent slope basin?

How do microorganisms affect sediment texture and pore water
chemistry and vice versa?

DRILLING STRATEGY

To test the hypotheses discussed above, we originally proposed three
primary drill sites extending to depths of 400-700 mbsf. Preliminary
analysis of the 3-D seismic data confirmed the rationale behind these
three sites but led to minor modifications of site locations. It also led to
the addition of seven shallow-penetration (<260 mbsf) sites to sample
the massive hydrate at the summit and to determine changes along
subsurface horizons that appeared to be fluid pathways feeding the
summit vents. Four of these additional sites were primary sites and
three were alternates as described in the Leg 204 Scientific Prospectus;
all were approved for drilling by the Pollution Prevention and Safety
Panel (PPSP). We drilled all sites except for alternate Site HR1c, for a to-
tal of nine sites. The locations of the sites drilled (see Table T2) are over-
lain on a map showing seafloor bathymetry in Figure F1C.

Leg 204 started with 3 weeks dedicated to LWD. For safety reasons,
Site 1244 (proposed Site HR1a) was cored to 350 mbsf prior to LWD, to
sample all seismic facies that were to be drilled. We had approval from
the PPSP to proceed with LWD prior to coring at all additional sites, or
until the time allocated to LWD was expended, if no safety issues were
encountered while drilling at Site 1244. Our objective was to use the
LWD data to determine where to deploy time-consuming special
downhole tools. The LWD data were of excellent quality, and this strat-
egy proved to be very useful.

Another novel aspect of this leg was the use of IR thermal imaging to
systematically scan each core (from within and near the GHSZ) as soon
as it was brought on board. Because gas hydrate dissociation is a
strongly endothermic process, cold spots thus detected permitted us to
quickly confirm what portions of the core contained significant
amounts of gas hydrate. Experiments were designed to calibrate the
temperature record obtained with the IR camera relative to concentra-
tion estimates obtained from PCS and pore water chloride concentra-
tion sampling.

OPERATIONAL SUMMARY

Leg 204 was originally scheduled to begin in San Francisco, Califor-
nia, and end in San Diego, California. As a result of an impending West
Coast dock strike, both port calls were ultimately moved to Victoria,
British Columbia, Canada. Leg 204 officially began at 0655 hr on 7 July
2002 with the first line ashore at Westcan Terminal B.
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In many ways, the leg turned out to be extraordinary. Almost all sci-
ence objectives were successfully achieved during the course of drilling/
coring the seven primary sites and two alternate sites. In addition, a se-
ries of holes geared specifically toward the rapid recovery and preserva-
tion of hydrate samples was cored at the end of the leg at Site 1249 as
part of a gas hydrate geriatric study funded by the Department of En-
ergy (DOE).

Some significant statistics of Leg 204 are listed below (see also Tables
T2, T3, T4), followed by a more descriptive discussion:

Water depths ranged from 788.5 to 1228.0 meters below rig floor.

Eight of nine sites were drilled using LWD technology.

Overall, a total of 45 holes were drilled/cored at nine separate drill
sites.

Eleven holes were drilled with a tricone bit for LWD/resistivity-at-the-
bit (RAB)-8 or wireline logging.

Thirty-three holes were cored with the advanced piston corer (APC)
and/or extended core barrel (XCB) coring systems, and one hole
was rotary core barrel (RCB) cored.

A total of 3674.5 m was cored with 3068.3 m (83.5%) recovered.

Of a 57.1-day leg, 50.4 days (88.3% of the time) was spent on site op-
erating and 6.7 days in port/transit.

Twenty-nine nautical miles (43.8 hr) were covered during 23 moves
between sites, using dynamic positioning.

Seven helicopter and two supply boat rendezvous were conducted, re-
sulting in 42 personnel exchanges.

Visitors included two journalists (Dallas Morning News and American
Geophysical Union/Eos), two engineering observers (DOE and
Chevron/Texaco), and a two-man German film crew (Context
TV).

Whirl-Pak latex microbeads and perfluorocarbon tracer were used on
85 cores that were sampled for microbiology.

Fifty meters of hydrate-bearing core were recovered and stored under
pressure in a methane environment; 35 m of additional samples
was recovered and stored in six liquid nitrogen dewars.

Special tool deployments and successes during the leg included the
following:

Sixteen of sixteen operationally successful runs with the Davis-
Villinger Temperature-Pressure Probe (DVTPP);

Eight of eight operationally successful runs with the Davis-Villinger
Temperature Probe (DVTP);

Sixty-one of sixty-one successful runs with the APC temperature
(APCT) tool;

One hundred and seven of one hundred and ten successful runs with
the APC-methane tool (APCM);

One of two successful deployments of the Fugro-McClelland
piezoprobe;

Thirty of thirty-nine successful runs with PCS;

Two of ten cores successfully recovered under pressure using the Fu-
gro Pressure Corer (FPC);

Five of eight cores successfully recovered under pressure using the
HYACE Rotary Corer (HRC);
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Twenty-eight runs with the Lamont-Doherty Earth Observatory
(LDEO) drill string acceleration (DSA) tool; seventeen were all or
partially successful; and

Eight of eight cores successfully recovered using the RAB-8 logging-
while-coring (LWC) technology.

Operations on southern Hydrate Ridge also required coordination
with other oceanographic research vessels. The Sonne, a German research
vessel, operated in the same area, deploying and recovering instrument-
ed seafloor landers. The Ewing, from LDEO, worked in conjunction with
the JOIDES Resolution conducting two-ship seismic operations and inde-
pendent research, including the setting of OBS packages on the seafloor.
The Atlantis, from Woods Hole Oceanographic Institution, was on site
for 4 days of Alvin diving at the southern summit. And finally, the New
Horizon, a Scripps Institution of Oceanography vessel, was on location
briefly doing independent oceanographic research work.

The leg included a two-ship seismic program conducted in conjunc-
tion with the Ewing to acquire vertical, constant-offset, and walkaway
VSPs. A new Schlumberger tool called the Vertical Seismic Imager (VSI)
was used for most of the VSP experiments, whereas the older Well Seis-
mic Tool (WST) was used for the remaining seismic work. Deployment
of the VSI tool was problematic because of its fragile construction and
because the tool is not designed to have the electric line slacked off dur-
ing the data-acquisition period. Nonetheless, the tool worked well
enough to achieve most of the seismic objectives.

Eight of the sites were drilled using LWD technology. A developmen-
tal LWC system, jointly developed by LDEO, Anadrill, and Texas A&M
University (TAMU), was also successfully tested using a RAB-8 LWD
tool. This marked the first time that core samples have been recovered
simultaneously with LWD data.

Several other specialized tools developed all or in part by TAMU were
successfully deployed during the leg. These include the PCS, APCM,
APCT tool, DVTP, and DVTPP.

Two new pressure coring systems developed by a European Union-
funded consortium (deployment of HYACE tools in new tests on hy-
drates [HYACINTH]) were deployed. These systems were designed to al-
low transfer of a pressurized core from the downhole tools autoclave
chamber to a pressurized logging or storage chamber. The FPC and HRC
were deployed 10 times and 8 times, respectively. Two runs with the
FPC and four runs with the HRC successfully recovered core at or near
in situ pressure. Pressurized core transfer to the logging and storage
chambers worked well, despite some tolerance variations with the FPC.

Prior to the leg, TAMU worked with Fugro-McClelland on the adapta-
tion of their piezoprobe tool to the ODP/TAMU bottom-hole assembly
(BHA). This tool was deployed twice at the first site, with the second at-
tempt fully successful. Data from this electric line-deployed tool will be
compared to DVTPP data. The DVTPP tool is much faster to deploy be-
cause it is deployed and recovered using the standard ODP coring line.

LDEO deployed its DSA tool to gather downhole data in support of
the HYACINTH tool deployments and also as part of an experimental
study using the APC as a seismic energy source. The APC impact energy
was recorded using OBS stations placed on the seafloor earlier by the
Ewing. Initial results indicated that this experiment was partially suc-
cessful and that useful data were obtained.

The scientific and operational achievements were impressive; how-
ever, the leg was extremely demanding because all nine drill sites were
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located within 3.6 nmi of each other. As a result of the close proximity
of the sites, all moves between sites were done using the ship’s dynamic
positioning system. Because of the commonality of the coring BHAs
used, most of these moves were made with the pipe suspended below
the ship. When a BHA changed or bit replacement was required, the
move was made simultaneously with the pipe trip to and from the sur-
face. With no transit time, other than traveling to and from port and
limited pipe trips between sites, the operating time available for drilling
and coring was considerable. For the 57.1-day leg, 50.4 days (88.3% of
available time) were spent on site. The remaining 6.7 days were spent in
port (4.14 days) and under way (2.54 days).

Leg 204 operations were confined to an area located ~50 nmi off the
coast of Oregon. The close proximity of land allowed for numerous
changes of personnel and equipment. An initial supply boat rendez-
vous was planned to allow exchange of specialized and expensive LWD
equipment and personnel for the VSP equipment. There were also nu-
merous personnel changes via helicopter, and another supply boat
brought out special pressure vessels and dewars of liquid nitrogen to
support an add-on effort to recover and preserve the hydrate samples
collected with additional funding from the DOE. There were a total of
nine rendezvous completed with the JOIDES Resolution, including seven
helicopters and two supply vessels.

Leg 204 officially ended at 0900 hr on 2 September 2002 with the
first line ashore at Westcan Terminal Pier B in Victoria.

SITE SUMMARIES

In this section, we describe and discuss the primary results at each
site. Relationships among sites are also discussed using figures that
compare data from several sites. In general, sites fall into two primary
groupings. Sites 1245 and 1247-1250 form a north-south transect that
documents the evolution of the southern Hydrate Ridge gas hydrate
system from the north flank to the summit and explores the role of Ho-
rizon A. Sites 1245, 1246, 1244, 1252, and 1251 form an east-west
transect that compares the west and east flanks of southern Hydrate
Ridge to the adjacent slope basin. Lithology at all sites is similar, with
abundant turbidites, some debris flows, and several notable ash layers
(Fig. F9). These ash layers are responsible for the largest-amplitude
seismic reflections beneath the ridge and play a major role in focusing
fluid flow and controlling hydrate distribution in this system.

Site 1244

Site 1244 (proposed Site HR1a) is located in ~890 m of water on the
eastern flank of Hydrate Ridge ~3 km northeast of the southern summit
(Fig. F1C). The 3-D seismic data show that the BSR is present at a depth
of ~124 mbsf at this site (Fig. F5). The temperature and pressure at the
seafloor are well within the GHSZ (Fig. F3), indicating that gas hydrates
can exist within the entire stratigraphic section above the BSR if hy-
drate-forming gases are available in concentrations that exceed their in
situ solubility. The 3-D seismic data also image a zone of incoherent
seismic reflections that forms the core of Hydrate Ridge (Fig. F5). At Site
1244, the top of this incoherent zone is located at a depth of ~300 mbsf.
This facies has been interpreted to comprise fractured accretionary
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complex material. Dipping, faulted, and strongly reflective strata, inter-
preted to be an uplifted and deformed slope basin, overlie this facies.

The primary drilling objectives at this site were to (1) determine the
distribution and concentrations of gas hydrate within the GHSZ; (2) de-
termine the nature of a pair of strong reflections (referred to as Hori-
zons B and B’) that underlie much of the eastern flank of Hydrate Ridge;
(3) determine the composition, structure, and fluid regime within the
seismically incoherent unit underlying the stratified sediments; and (4)
sample the subsurface biosphere associated with these features.

Operations

Five holes were cored at Site 1244, and an additional hole was drilled
(Table T2). Hole 1244A was abandoned when the first core overshot
and did not recover the mudline. Hole 1244B was abandoned at 53.1
mbsf after six cores were obtained because the BHA had to be brought
to the surface to retrieve a downhole instrument (Fugro piezoprobe)
that had become unscrewed from the Schlumberger conductor cable.
One APCT tool measurement was taken at 35.1 mbsf in this hole. Hole
1244C, which comprises 39 cores (Table T3), began at the seafloor and
continued to 334 mbsf. Special tools used in Hole 1244C (Table T4) in-
cluded three APCT tool, one DVTP, one DVTPP, and three PCS runs.
Hole 1244C was abandoned 17 m above the target depth of 350 mbsf
when hole conditions suggested that a change from XCB to RCB coring
would be appropriate. Examination of the core and the initial chemical
data from this depth suggested that we had reached the deepest target
(i.e., the accretionary complex) and therefore had fulfilled the PPSP re-
quirement that we core the primary facies we expected to encounter
during LWD prior to proceeding with LWD at all sites. We returned later
in the leg to drill Hole 1244D, which was dedicated to wireline logging
and seismic work, to 380 mbsf. This was followed by Hole 1244E, which
was cored to 136 mbsf and extensively sampled for geochemistry, gas
hydrates, and microbiology, and Hole 1244F, which was cored to 24
mbsf primarily for high-resolution microbiological sampling.

Principal Scientific Results

On the basis of visual observations, smear slides, and correlation
with physical property data (especially magnetic susceptibility [MS]),
the sedimentary sequence can be divided into three primary lithostrati-
graphic units, with three subdivisions in the second unit. Lithostrati-
graphic Units I (from the seafloor to 69 mbsf) and II (69-245 mbsf) are
both characterized by hemipelagic clay interlayered with turbidites.
Thicker, coarser turbidites are common in lithostratigraphic Unit II. In-
dividual turbidites are characterized by sand and silt layers that fine up-
ward to bioturbated sulfide-rich silty clay and clay. The turbidites are
particularly well developed in the interval from 160 to 230 mbsf. A 60-
cm-thick layer at 216 mbsf that is especially rich in detrital volcanic ash
shards corresponds to Horizon B’ (Fig. F5).

The lithology changes to more indurated and fractured claystone in-
terbedded with glauconite-bearing to glauconite-rich silts and sands be-
low 245 mbsf (Unit III). The boundary between lithostratigraphic Units
IT and III corresponds to the top of the seismically incoherent zone that
underlies the slope basin sediments (Fig. F5) and was interpreted to rep-
resent highly deformed sediments of the accretionary complex.
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Biogenic components vary downcore, with a predominance of sili-
ceous microfossils. Biostratigraphic boundaries based on diatoms corre-
late fairly well with lithostratigraphic unit boundaries and with seismic
stratigraphic boundaries identified in the 3-D seismic data, although
there are some inconsistencies among these three data sets when com-
parisons are made among sites. Sediments immediately above Reflec-
tion AC yield diatoms that indicate the age to be younger than 1.6 Ma.
Sediments immediately below this reflection yield nannofossils that in-
dicate the age to be older than 1.7 Ma. This unconformity was also sam-
pled at Site 1251 at 300 mbsf and at Site 1252 at 130 mbsf (Fig. F10).
Lithostratigraphic Unit III is older than 1.7 Ma.

Physical property data are generally consistent with the lithostrati-
graphic, biostratigraphic, and seismic stratigraphic boundaries. The
boundary between lithostratigraphic Units I and II is marked by a local-
ized decrease in wet bulk density. As mentioned above, the turbidites of
lithostratigraphic Unit II are particularly well developed in the interval
from 160 to 230 mbst. This interval is characterized by high values of
whole-core MS (Fig. F11). The widest and strongest MS peak, at 168
mbsf, correlates with the seismic reflector known as Horizon B. This ho-
rizon is also coincident with an increase in wet bulk density. There is
also excellent correlation between moisture and density (MAD) mea-
surements on core samples and measurements of density and porosity
obtained via LWD.

One novel aspect of Leg 204 was the regular use of both handheld
and track-mounted IR cameras to image all cores. Cores from within the
GHSZ were imaged several times by the physical property scientists. The
handheld IR camera proved to be very effective for rapid identification
of the location of hydrate specimens within the cores (Fig. F12). Gas
hydrate samples were recovered as whole rounds in Cores 204-1244C-
8H and 10H (samples from 63, 68, and 84 mbsf) and preserved in liquid
nitrogen for detailed shore-based studies. A few pieces were dissociated
for chemical analysis (discussed below). In all three cases, the hydrate
was present as layers or nodules several millimeters to 1.5 cm thick,
aligned at an angle of 45°-60° to the core liner, suggesting formation
along steeply dipping fractures.

The track-mounted IR camera imaged the cores systematically, and
these records were used to confirm the presence of hydrates spotted by
the handheld cameras, to develop techniques for detecting more subtle
signatures of disseminated hydrate, and to track the temporal evolution
of the thermal signature of hydrate dissociation. The IR thermal imag-
ing of the cores on the catwalk indicated the presence of numerous
nodular and/or disseminated hydrates extending from ~45 mbsf to the
BSR at 124 mbst. The presence of these is shown in Figure F13 as tem-
perature anomalies in which local temperature along the core is 1°-7°C
(AT in Fig F13) lower than in the adjacent sediments.

The LWD data obtained at this site are of excellent quality and pro-
vide spectacular images of electrical resistivity within the borehole (Fig.
F13). High-amplitude variable resistivity from 40 to 130 mbsf (Fig. F11)
suggests the presence of hydrate and correlates well with the depth
range of the IR temperature anomalies and with geochemical indicators
of hydrate presence discussed below. We note that this is the only site at
which the LWD data were acquired after coring. At other sites, the pat-
tern of high-amplitude variable resistivity was used to predict the pres-
ence of hydrate prior to coring. Sinusoidal patterns in the resistivity im-
ages of the borehole wall suggest that gas hydrate is concentrated in
steeply dipping fractures as well as along bedding planes (Fig. F14). The
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data also show strong borehole breakouts in Unit III, which are indica-
tive of a northeast-southwest-oriented axis of least compressive stress
(Fig. F13).

Geochemical analysis of IWs has revealed that depth variations in
the concentration of several different chemical species correlate with
the GHSZ. The most direct correlation is seen in Cl concentrations.
Above the first occurrence of hydrate (from the seafloor to ~45 mbsf),
Cl concentration in the pore water is similar to that in seawater (Fig.
F15). Between 45 mbsf and the BSR at ~124 mbsf, there are numerous
low CI spikes that likely reflect the freshening effect of dissociated hy-
drate on the IWs. Correlation of Cl data with the IR camera data indi-
cates that the IR thermal anomaly data can be used to interpolate be-
tween estimates of hydrate concentration based on sparsely sampled Cl
anomalies. Considering uncertainties in the background concentration
of Cl, we estimate that 2%-8% of the pore space is occupied by hydrate,
with locally higher and lower concentrations.

Between the BSR and 300 mbsf, Cl concentrations decrease linearly
at a rate of ~0.35 mM/m. This suggests a diffusive gradient between sea-
water and low-Cl fluids in the accretionary complex. The reduced chlo-
ride concentration at depth may reflect dehydration of clay minerals
deeper in the accretionary complex. The Cl concentration profile
within the deepest incoherent seismic facies is approximately constant,
suggesting a zone of fluid advection and mixing consistent with LWD,
physical properties, and core observations, all of which suggest a perva-
sively fractured medium.

The methane/ethane (C;/C,) ratio also shows a clear correlation with
the presence of gas hydrate and the GHSZ (Fig. F16). Gases obtained by
the headspace technique and by sampling void space in the cores show
a sharp, often steplike, decrease in the C,/C, ratio at the BSR. This was
observed to a varying degree at all sites and will be discussed further in
the site summary for Site 1251. Slightly lower C,/C, ratios are observed
in gas obtained by dissociating discrete hydrate samples, suggesting
some fractionation of C, into hydrate.

After the first two cores, the cores were pervasively cracked and con-
tained many voids, both of which are indications of degassing during
recovery. In situ methane concentrations were measured directly using
pressure cores. At Site 1244, in situ methane concentrations are below
the solubility predicted for in situ conditions at depths of 24, 40, 120,
and 131 mbsf and are above predicted solubility at 72 and 103 (Fig.
F17) mbsf. These in situ gas concentrations corroborate the relatively
low estimates of gas hydrate concentration at Site 1244 obtained from
the chloride data.

The downhole temperature measurements (including the average of
waterline temperatures) were used to define a linear temperature gradi-
ent of 0.061°C/m, very similar to the temperature gradient determined
at northern Hydrate Ridge (ODP Site 892) during Leg 146 (Westbrook et
al., 1994). This temperature gradient predicts that the base of the GHSZ
should be at a depth of 133 mbsf, based on the pure methane and sea-
water stability curve.

Seismic data at this site include high-frequency sonic log data and
lower-frequency vertical, offset, and walkaway seismic profiles. Prelimi-
nary picks of the VSP data and the V; sonic logs indicate that the BSR
depth is 127-129 mbsf, slightly deeper than the precruise estimate (Ta-
ble T1). The data also indicate that positive velocity anomalies resulting
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from hydrate presence above the BSR and low-velocity anomalies re-
sulting from free gas below the BSR are small and local.

The pore pressure dissipation measurement made by the DVTPP fol-
lows the expected pattern, but detailed analyses to determine whether
in situ pressure departs from hydrostatic pressure awaits postcruise
study.

Samples were taken to support a range of shore-based microbiologi-
cal studies. Measurements of sulfate concentration in the IWs, which
indicate that the SMI is present at 8 mbsf at this site (Fig. F19), were
used to guide high-resolution sampling for microbiological studies.

Summary

The recovery of several centimeter-thick veins of gas hydrate during
the first week of Leg 204 drilling got the leg off to an exciting start by
providing direct evidence for the presence of gas hydrate within the
GHSZ. Multiple data sets, including images of borehole resistivity, IR
thermal anomalies, and low chloride spikes in the IWs, indicate inter-
mittent hydrate presence between ~45 mbsf and the BSR at 124 mbsf. A
steplike decrease in C,/C, beneath the GHSZ, the cause of which has
not yet been determined, indicates that the presence of gas hydrate has
a fundamental impact on the biogeochemical evolution of the margin.
The data from this site also confirmed that 3-D reflection surveying,
LWD-resistivity borehole images, and IR thermal scans are very useful
for guiding subsequent sampling of sediments in gas hydrate provinces.

Site 1245

Site 1245 (proposed Site HR3a) is located in 870 m of water on the
western flank of Hydrate Ridge ~3 km northwest of the southern sum-
mit (Fig. F1). The 3-D seismic data show that the BSR is at a depth of
~134 mbsf at this site. As at all sites drilled during Leg 204, the temper-
ature and pressure at the seafloor at Site 1245 are well within the GHSZ,
indicating that gas hydrates can exist within the entire stratigraphic
section above the base of the GHSZ if hydrate-forming gases are avail-
able in concentrations that exceed their in situ solubility. Site 1245 in-
tersects Horizon A, which can be mapped from the northern boundary
of the seismic survey to the summit, where it appears as a “bright spot”
beneath the BSR. On its downdip edge, it appears to lap onto the seis-
mically incoherent facies interpreted to represent highly deformed sedi-
ments of the accretionary complex. Horizon A has been interpreted as a
“conduit” that transports fluids from the accretionary complex to the
summit. Several unconformities, referred to as Horizons Y and Y’, over-
lie Horizon A and appear to represent discontinuities in sediment accu-
mulation in a slope basin that was formed during growth of an underly-
ing accretionary anticline.

Primary objectives at Site 1245 were to (1) determine the distribu-
tion, composition, and concentration of gas hydrate in the sediments
on the western flank of Hydrate Ridge and contrast these parameters
with those on the eastern flank of the ridge and in the adjacent slope
basin, where the sub-BSR fluid migration pathways inferred from seis-
mic data are distinctly different; (2) sample sediments and fluids from
seismic Horizon A; and (3) sample the sedimentary section of the west-
ern flank of Hydrate Ridge below the BSR to provide constraints for in-
terpreting variations in BSR strength across the western flank. Site 1245
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is also a reference site for a north-south—trending transect that extends
from Site 1245 to the summit and includes Sites 1247-1250.

Operations

Four holes were cored and one was drilled without coring at Site
1245 (Table T2). Hole 1245A was drilled to a depth of 380 mbsf (with-
out coring) to obtain the initial LWD data for this site. Hole 1245B was
cored to 473.7 mbsf using the APC and XCB (Table T3). Holes 1245C
and 1245D were cored to 201.7 and 24 mbsf, respectively, for extensive
high-resolution geochemical and microbiological sampling. Hole 1245E
was drilled to 473.7 mbsf and then cored to 540.3 mbsf using the RCB
(Table T3). Coring in Hole 1245E stopped short of the originally
planned depth of 700 mbsf because of deteriorating hole conditions.
The hole began to collapse, trapping the BHA. Fortunately, it was not
necessary to sever the pipe, although preparations were made to do so.
The upper 300 mbsf of Hole 1245E was used for wireline logging. Plans
for conventional, offset, and walkaway seismic lines were abandoned
when the downhole seismometer would not clamp in Hole 1245E and
the hole continued to collapse. The APCT tool was run eight times, the
DVTP was run three times, and the PCS was run five times at this site
(Table T4). There were also two runs each of the HYACINTH HRC and
FPC. Eleven whole-round samples of sediment thought to contain gas
hydrate were preserved in liquid nitrogen or in pressure vessels for post-
cruise studies.

Principal Scientific Results

Biostratigraphic observations at Site 1245 indicate that the entire
540-m-thick sequence is younger than 1.65 Ma (Fig. F10). Distinct
changes in sedimentation rate occurred at 55 and 150 mbsf. Sediments
deeper than 150 mbsf were deposited from 1.0 to 1.65 Ma at a rate of
~62 cm/k.y., whereas the overlying strata were deposited at a slower rate
of 10-23 cm/k.y. Lithostratigraphic analysis (Fig. F10) indicates that the
dominant lithologies in the upper 0-31 mbsf are clay with carbonate
concretions and foraminifer-rich interlayers. From 31.5 to 212.7 mbsf,
the sediments are mainly diatom-bearing clay and silty clay with fre-
quent sand-rich turbidites containing a few glass-rich layers. Included
within this deeper sequence is seismic Horizon A, characterized by mul-
tiple ash-rich sandy layers between 176 and 183 mbsf. Between 212.7
and 419.3 mbsf, nannofossil-rich claystone and silty claystone with
glauconite layers and turbidites are present, underlain by claystone con-
taining thick turbidites and heterogeneous mud clasts.

The precruise 3-D seismic reflection site survey (Figs. F5, F6) and the
LWD data (Fig. F13) obtained from Hole 1245A were used to guide the
sampling and analysis strategy at this site. The logging data, which are
of excellent quality, show a marked increase in the amplitude and vari-
ability of formation resistivity between 48 and 131 mbsf (logging Unit
I). As discussed for Site 1244, this resistivity pattern is interpreted to in-
dicate the zone within which gas hydrates are present. Some high-
resistivity layers are subhorizontal, indicating accumulation of gas hy-
drate parallel to bedding; others are steeply dipping, indicating that hy-
drate fills fractures. Calculations of pore space saturation based on Ar-
chie’s Relation (Collett and Ladd, 2000) predict a hydrate concentration
of ~10%-30% of the pore volume in layers and veins distributed
throughout this interval.
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The estimated depth distribution of gas hydrate obtained from the
LWD data was confirmed by several other chemical and physical prox-
ies. Low chloride concentration anomalies (Fig. F14) were detected in
IWs from S5 to 125 mbsf (Fig. F15) and are interpreted to reflect in situ
hydrate concentrations that are generally below 3% of pore volume,
with one anomaly suggesting a concentration of 15%. Low temperature
anomalies were observed with the IR cameras between 50 and 129 mbsf
(Fig. F13). Preliminary estimates of total in situ methane concentration
obtained from a PCS core at 57 mbsf indicated a concentration very
close to in situ saturation, and a PCS core located at 120 mbsf indicated
that in situ methane concentration just above the BSR is an order of
magnitude greater than saturation at in situ conditions (Fig. F17). Two
PCS runs below the BSR yielded concentrations that are apparently
slightly lower than saturation. The consistency between these multiple
independent estimates of the depths where hydrate is present gives us
considerable confidence in the validity of these estimates.

The IR camera was used to rapidly identify the potential location of
hydrate samples in cores on the catwalk. In addition, the IR data were
used to estimate the distribution and texture of gas hydrate downhole.
Approximately 80 IR anomalies were identified and classified (Fig. F13).
In Hole 12458, 75% of the anomalies suggested disseminated hydrate
and 25% suggested nodular hydrate; in Hole 1245C, 60% of the anoma-
lies suggested disseminated hydrate and 17% suggested nodular hy-
drate.

The IR data were also used to select a section of core (Section 204-
1245C-7H-35) for an experiment to investigate the relationship between
IR imaging, chloride concentration anomalies in pore water, and hy-
drate distribution in the core. The core liner was split as soon as the IR
anomaly was identified, and a 2-cm-thick steeply dipping layer of hy-
drate was found. After allowing the hydrate to dissociate for 90 min,
closely spaced sediment samples were taken near the hydrate, including
one sample from where the hydrate had been. The chloride concentra-
tion anomaly is strongly attenuated 5 cm away from the hydrate sam-
ple and has disappeared 10 cm from the hydrate. Since normally only
two IW samples are taken in each 9.5-m-long core, the chloride concen-
tration measurements are spatially aliased. Frequent low chloride con-
centration anomalies downcore probably indicate extensive distribu-
tion of hydrate. Additional comparison and calibration between data
sets with different length scales and sensitivity to hydrate concentra-
tion should improve our ability to estimate in situ concentrations from
such data.

A major objective at Site 1245 was to sample seismic Horizon A. At
Site 1245, as well as at the other three sites where Horizon A was crossed
during the LWD phase of Leg 204 (Sites 1247, 1248, and 1250), it is
characterized by a very distinctive strong double-peaked low density
anomaly that is 3-4 m thick (Fig. F18). At Site 1245, the density of sedi-
ments in Horizon A is <1.5 g/cm3? compared to 1.85 g/cm? in adjacent
sediments. Coincidence of this LWD density anomaly with the esti-
mated depth of Horizon A in the seismic data provided confirmation
that the velocities used for converting the seismic data to depth were
accurate enough to predict the depth of target horizons to within a few
meters. This was confirmed by sonic velocity measurements. The direct
correlation between the low-density layers and the thick ash layers dis-
cussed above was confirmed by bulk density and MS measurements
made on the cores.
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Another major result of drilling at Site 1245 was the discovery of sig-
nificant concentrations of higher-order hydrocarbons beneath the BSR.
Methane/ethane (C,/C,) ratios in headspace samples reach values <100
between 130 and 180 mbsf (Fig. F16). The C,/C, anomaly is due en-
tirely to an increase in ethane concentration, indicating that thermo-
genic hydrocarbons are migrating from deeper in the accretionary com-
plex. Dissolved lithium anomalies observed in association with Horizon
A support this interpretation. In addition to C,, enrichments in C; and
other higher-order hydrocarbons were also observed. At Site 1245, the
minimum in the C,/C, ratio was present at ~150 mbsf (~30 m above
Horizon A). However, no thermal anomaly was detected associated with
Horizon A, suggesting that the rate of fluid flow is relatively slow.

The SMI is well defined at a depth of ~7 mbsf at this Site (Fig. F19).
Models to relate the depth of the SMI to the depth to the first occur-
rence of gas hydrate will be explored postcruise. The mismatch between
the observed depth to the bottom of the GHSZ and that predicted by
downhole temperature measurements for the measured in situ tempera-
ture gradient of 0.054°C/m is similar to that at Site 1244.

Summary

Site 1245 provided confirmation that multiple proxies for in situ hy-
drate presence (including electrical resistivity measured downhole, core
temperatures measured on the catwalk, chloride anomalies measured in
IWs, and direct measurements of gas concentration) are generally con-
sistent in predicting the distribution and concentration of gas hydrates
in the subsurface. Additional analysis is needed to more precisely un-
derstand and calibrate these different proxies. Drilling at this site also
demonstrated that seismic Horizon A results from the presence of a pair
of low-density ash-bearing sand layers that are likely to be conduits
transporting fluids from the accretionary complex. Shipboard data pro-
vide evidence for migration of higher hydrocarbons beneath the GHSZ,
although determining details of the role of seismic Horizon A in this
migration will only be resolved through integration of data from sev-
eral sites. Finally, this site provided important lithostratigraphic and
biostratigraphic data for reconstructing the geologic history of this
hydrate-bearing system, including the rate at which the system formed
and lithologic controls on fluid migration and hydrate distribution.

Site 1246

Site 1246 (proposed Site HR1b) is located in ~850 m of water near the
crest of Hydrate Ridge, ~3 km north of the southern summit (Fig. F1).
The 3-D seismic data show that the BSR is at a depth of ~114 mbsf at
this site. This site also intersects a pair of bright regional seismic reflec-
tors, referred to as Horizons B and B’, at depths of ~60 and 100 mbsf, re-
spectively. The temperature and pressure at the seafloor are well within
the GHSZ, indicating that gas hydrates can exist within the entire strati-
graphic section above the base of the GHSZ if hydrate-forming gases are
available in concentrations that exceed their in situ solubility.

The primary objective at Site 1246 was to sample Horizons B and B’
where they are within the GHSZ. By comparing this site to Site 1244,
where Horizons B and B’ are below the GHSZ, we hope to constrain lith-
ologic and hydrologic explanations for the strong reflectivity of these
seismic horizons, obtain insights into the processes that transport fluids
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into and through the GHSZ, and develop more effective strategies to
predict hydrate presence from seismic and other remote sensing data.

Operations

Hole 1246A was drilled to a depth of 180 mbsf without coring to ob-
tain the initial LWD data for this site. In Hole 1246B, we obtained 16
APC cores, sampling to a depth of 136.7 mbst with 99% recovery (Table
T2). The APCT tool was run five times; no other special tools were de-
ployed (Table T4). These cores were sampled for headspace and void gas
analyses, chemical analysis of IW (two per core), basic physical property
measurements, biostratigraphic analysis, and lithostratigraphic descrip-
tion.

Principal Scientific Results

The precruise 3-D seismic reflection site survey and the LWD data ob-
tained in Hole 1246A were used to guide the sampling and analysis
strategy at this site. As mentioned above, the seismic data define the
link between Sites 1244 and 1246 and suggest approximate depths to
Horizons B and B’ and the BSR of ~60, 100, and 114 mbsf, respectively
(Table T1). The LWD data were processed and available for interpreta-
tion 3 weeks prior to coring. These logs provided a first look at the prob-
able distribution of hydrate within the GHSZ. Based on Archie’s Rela-
tion between electrical resistivity and porosity, we infer that hydrate
should be present intermittently between 53 and 109 mbsf (Fig. F13).
The LWD data also indicate that Horizon B is characterized by relatively
high density and resistivity, as was found at Site 1244. Unlike at Site
1244, no prominent low density anomaly is found associated with Ho-
rizon B’ at Site 1246.

The IR camera was used to rapidly identify gas hydrate through the
core liner, to investigate the distribution and texture of hydrate in the
cores, and to visualize the process of dissociation. Temperature anoma-
lies in the IR thermal images suggest the intermittent presence of hy-
drate from ~15 to 117 mbsf (Fig. F13), a somewhat more extensive
depth range than is indicated by other hydrate proxies. In addition,
several of the IR thermal anomalies are correlated with changes in the
lithologic and physical properties of the sediments and with anomalies
in chemistry of the pore waters. These changes are, in turn, correlated
with seismic Horizon B. Whole rounds of core containing particularly
strong IR temperature anomalies, and therefore suspected of containing
gas hydrate veins or nodules, were recovered from 66.5, 96.6, and 105.0
mbsf and preserved in liquid nitrogen for detailed shore-based studies.
A gas hydrate sample recovered from 109.5 mbsf was divided into two
pieces; one piece was allowed to dissociate on board for chemical analy-
sis (discussed below), and the other was preserved.

On the basis of visual sediment descriptions, examination of smear
slides, and correlation with physical property data (especially MS), the
sedimentary sequence can be divided into two primary lithostrati-
graphic units (Fig. F10). Lithostratigraphic Unit I (from the seafloor to
21.7 mbsf) is a late Pleistocene-Holocene unit characterized by dark
greenish gray diatom and nannofossil-bearing hemipelagic clay. Litho-
stratigraphic Unit II, which extends to the base of Hole 1246B, is de-
fined by the onset of graded silt and sand layers, which represents a se-
ries of turbidites of varying thicknesses bounded by erosional contacts
and separated by periods of bioturbated hemipelagic sedimentation.
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Layers composed of >50% sand are found at 62, 71, and 136 mbsf, re-
spectively.

A silt turbidite layer at ~66 mbsf (found in Section 204-1246B-8H-3)
can be correlated with the base of seismic Horizon B. The overlying
graded sequence is ~2 m thick and gray colored, in sharp contrast to
most of the sediment cored during this leg. The gray color results from
a high percentage of quartz grains. This zone contains fewer biogenic
components than adjacent strata, suggesting rapid deposition. A similar
sequence is found at 56 mbsf in Section 204-1246B-7H-3. Detailed anal-
ysis of physical property data reveals that these two turbidite sequences
are characterized by high density and high MS anomalies (Fig. F11).
Preliminary synthetic seismograms, calculated based on the density log,
confirm that the resulting double-peaked density anomaly extending
from 54 to 67 mbsf explains the complicated waveform of seismic Hori-
zon B at this site. The relatively high density probably results from the
grain size and packing of the sediments. The source of the high MS has
not yet been identified. A thin (<50 cm thick) high resistivity anomaly
also appears near the base of each of these turbidites in the LWD resis-
tivity logs, suggesting the presence of gas hydrate. Low temperatures
measured on the catwalk with the IR camera are additional indirect in-
dicators for the presence of gas hydrate in the lowermost coarse-grained
portion of each turbidite sequence. A sample with anomalously low
temperatures was recovered from the base of the lower turbidite (Sam-
ple 204-1246B-8H-4, 25-30 cm) and preserved in liquid nitrogen for
postcruise analysis. Samples of this coarse-grained layer were also taken
for IW studies.

The correlation between physical properties, lithology, and seismic
Horizon B’ at Site 1246, where it is present a few meters above the BSR,
is not clear. A thin (<1 cm thick) volcanic ash-rich layer is observed at
~95 mbsf in Section 204-1246B-11H-4, 96 cm. Narrow (<1 m) layers of
high resistivity observed in the LWD resistivity data and thermal anom-
alies indicative of the presence of gas hydrate are observed at 96-97
mbsf. A sample thought to contain hydrate was recovered in Section
204-1246B-11H-5 at this depth. Recovery in Core 204-1246B-11H was
80%, and the primary lithologic source of Horizon B’ may not have
been recovered. Shore-based studies are planned to determine the age
and provenance of this ~95-mbsf ash and compare it to the ash recov-
ered from Site 1244. The ash data will complement the biostratigraphic
ages, which suggest an age of ~0.3 Ma at Horizon B’. Seismic modeling
will also provide constraints on the nature of fluids in this horizon. At
Site 1244, where Horizon B’ is found at 216 mbsf (well below the
GHSZ), it is associated with a 60-cm-thick layer that is rich in detrital
shards of volcanic glass and corresponds to a distinctive low density
anomaly in the LWD and shipboard physical property data. We will test
the model that Horizon B’ contains free gas at Site 1244 and that the
disappearance of the density anomaly at Site 1246 results from the re-
placement of free gas by gas hydrate.

Geochemical analyses of IWs made during Leg 204 revealed varia-
tions in the concentration of several different chemical species with
depth that correlate with the presence of gas hydrate in the GHSZ. At
Site 1246, the most direct correlation is based on chloride concentra-
tions, which show a pattern similar to those observed at most other
sites, with the exception of those at the southern summit of Hydrate
Ridge (Fig. F14). From the seafloor to ~40 mbsf, the chloride concentra-
tions are similar to that of seawater, suggesting that no hydrate is
present. Between 40 mbsf and the BSR at ~114 mbsf, there are
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numerous low-chloride spikes that probably reflect the dilution of pore
water by freshwater from dissociated hydrate. The lowest chloride value
at this site (~430 mM) is from an IW sample that fortuitously coincided
with the coarse-grained basal zone of the Horizon B turbidite discussed
above. Assuming an in situ “no hydrate” background chloride concen-
tration, the amplitude of this chloride anomaly suggests that 23% of
the pore space was filled by hydrate. Ba, Li, and Na are depleted in this
interval, and Ca, Mg, and Sr are depleted in the overlying sample, lo-
cated ~3 m higher in the section. The correlation of IW chemistry with
specific horizons defined by lithologic and physical properties suggests
that isotopic analysis and modeling of these chemical data may provide
constraints on the origin, evolution, and flow rate of fluids that trans-
port methane into and through the GHSZ.

Analyses of hydrocarbon gases at Site 1246 indicate that processes
here are similar to those at Site 1244. The ratio of methane to ethane
(C,/C,) shows a steplike decrease at the BSR (Fig. F16), which reflects an
increase in C, beneath the BSR rather than a change in methane con-
centration. The presence of propane (C;) below the BSR suggests that
heavier hydrocarbons migrate upward from deeper unsampled sedi-
ment, and the absence of C; within the GHSZ (with one exception at
~22 mbsf) indicates that gas above solubility in this zone should be in
the form of Structure I rather than Structure II hydrate. The apparent
fractionation of C, into gas hydrate, which was reported at Site 1244, is
not apparent here. However, this may be an artifact of sampling be-
cause only one hydrate sample was available for gas analysis at Site
1246. Because no PCS runs were made at this site, no in situ gas concen-
tration estimates are possible.

The SMI at Site 1246 falls between 4 and 7 mbsf but is poorly defined
as a result of sparse sampling; it is slightly shallower than at Site 1244,
where it is identified at 9 mbsf (Fig. F19). Variations in the depth of the
SMI among Leg 204 sites will be compared to variations in depth to the
first occurrence of hydrate as part of a postcruise study.

Summary

There are multiple correlations between geological and geophysical
parameters and the presence of gas hydrate at Site 1246. The primary
preliminary result is that seismic Horizon B is caused by a pair of high-
MS, high-density, and low-porosity layers ~2.5 m thick and spaced 10 m
apart. Sedimentological analysis indicates that each layer is formed by a
turbidite sequence with a complicated internal structure indicating
deposition, erosion, and redeposition. Electrical resistivity, IR tempera-
ture, and geochemical anomalies are associated with the basal coarser-
grained layers of each of the two turbidites that constitute Horizon B,
indicating that hydrates preferentially form here. Indirect and direct in-
dicators of hydrate were also found associated with Horizon B’. Post-
cruise work is planned to determine the source of the MS anomaly and
to correlate lithologic and physical properties of these horizons be-
tween Site 1244 and Site 1246. Additional efforts will be focused on
modeling the seismic response of this horizon as it changes from a
fluid-rich layer beneath the BSR to a hydrate-bearing layer above it and
to constrain the source and evolution of the fluids using the geochemi-
cal data.
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Site 1247

Site 1247 (proposed Site HR4c) is located in ~845 m of water on the
western flank of Hydrate Ridge, ~800 m northwest of the southern sum-
mit and approximately halfway between Site 1245 and the summit (Fig.
F1). The 3-D seismic data indicate that the seismic stratigraphic setting
is similar to that of Site 1245 (Fig. F5). The BSR is at a depth of ~121-
124 mbsf at this site. Horizon A is brighter and shallower (~160 mbsf) at
Site 1247 than at Site 1245; Horizon Y is also shallower (~60 mbsf) at
this site.

The primary objective at Site 1247 was to sample sediments and flu-
ids from Horizon A approximately halfway between Site 1245 and the
summit (Site 1249) in order to determine lateral variations in the physi-
cal and chemical characteristics of this horizon and thus understand
the role it plays in fluid migration and formation of hydrate on the sea-
floor at the summit. Although they are only 75 m apart, the two holes
drilled at this site sample parts of Horizon A with distinctly different
seismic characteristics.

Operations

Hole 1247A was drilled without coring to a depth of 270 mbsf to ob-
tain LWD data for this site. We returned to core Hole 1247B, which was
offset from Hole 1247A, ~75 m to the east (Table T2). Hole 1247B was
cored to 220 mbsf using the APC and XCB (Table T3). The APCT tool
was run six times (including a mudline run to obtain seafloor tempera-
ture), the DVTP was run twice, and the PCS was run three times in this
hole (Table T4). Hole 1247B was then logged using the triple combina-
tion (triple combo) and Formation MicroScanner (FMS)-sonic tool
strings. After wireline logging, vertical and offset VSPs covering the in-
terval of 104-214 mbsf were acquired by alternately shooting from the
JOIDES Resolution and the Ewing, which held station ~700 m away. Plans
to conduct walkaway VSPs were abandoned when the Schlumberger VSI
tool string would no longer clamp in the hole.

Principal Scientific Results

Biostratigraphic observations from the 220 m of core recovered in
Hole 1247B indicate that the entire sequence is younger than 1.65 Ma
(Fig. F10). Sediments deeper than ~165 mbsf were deposited at a rapid
but poorly constrained rate. These deep strata can be correlated with
strata yielding a linear sedimentation rate of 62 cm/k.y. at Site 1245.
The interval from ~150 to 165 mbsf, which contains Horizon A, yields a
relatively slow sedimentation rate of 4 cm/k.y., based on nannofossils.
The overlying sediments were deposited at a rate of 9-22 cm/k.y., simi-
lar to what was observed at Site 1245.

Lithostratigraphic analysis (Fig. F10) indicates that the dominant li-
thologies are clay with authigenic carbonates and foraminifer-rich
interlayers in the upper 0-27 mbsf (lithostratigraphic Unit I). This unit
is underlain by diatom-bearing clay and silty clay with frequent sand-
rich turbidites containing a few glass-rich layers from 27 to 212.7 mbsf
(Unit II). Lithostratigraphic Unit III (60-220 mbsf) is distinguished from
Unit II by an increase in turbidites and biogenic components. Included
in lithostratigraphic Unit II is seismic Horizon A. Unlike at the other
sites where Horizon A was sampled and found to correspond with
volcanic ash-rich layers, at Site 1247B Horizon A appeared to be a soft-
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sediment debris flow bounded by turbidites. Because the signature of
Horizon A in the LWD resistivity data from Hole 1247A (located only
75 m from Hole 1247B) is very similar to that observed at Sites 1245,
1248, and 1250, we conclude that the change in seismic amplitude of
Horizon A between the two holes at Site 1247 results from a dramatic
local change in lithology rather than from processes related to gas hy-
drates.

As at other sites, the different hydrate proxies are in agreement and
together indicate the apparent top of the zone where hydrate is present.
The onset of high and variable electrical resistivity and of thermal
anomalies observed with the IR camera on the catwalk are both at ~45
mbsf (Fig. F13). High-resistivity layers are subhorizontal, indicating ac-
cumulation of gas hydrate parallel to bedding, and steeply dipping, in-
dicating that hydrate fills fractures. The onset of low chloride concen-
tration anomalies is at ~55 mbsf (Fig. F15). The onset of in situ methane
oversaturation as projected from headspace and PCS measurements is at
~38 mbsf (Fig. F17).

Samples suspected of containing hydrate based on IR temperature
anomalies were recovered from 93 to 113 mbsf and were stored in
liquid nitrogen. However, on later inspection, no hydrate was actually
preserved in these samples.

The above proxies are consistent with similar depths for the base of
the GHSZ. The deepest IR thermal anomaly is at 118 mbsf (Fig. F13).
The deepest chloride concentration anomaly is at 114 mbsf (Fig. F15). A
PCS core, indicating a volume of methane greater than in situ concen-
tration, was taken at 123 mbsf (Fig. F17). Seismic velocities from the
sonic log and the VSP clearly resolve a velocity decrease indicative of
the presence of free gas beneath the BSR that occurs at 129-134 mbsf.

The significant concentrations of C,, hydrocarbons gases found be-
neath the BSR at Site 1245 were also observed at Site 1247 (Fig. F16).
Here, low values of the methane/ethane ratio (C,/C, < 100) persist to a
slightly deeper depth than at Site 1245 (~220 mbsf compared to ~180
mbsf at Site 1245). Hole 1247B did not extend deep enough to resolve
whether the C,/C, ratio returns to normal at greater depth, as it did at
Site 1245.

One of the notable results from this site was identification of a new
hydrate proxy that has the potential to provide valuable constraints on
the dynamics of hydrate formation. It was found that many samples
collected from the depth range in which other proxies indicate the
presence of hydrate showed ethane enrichment and propane depletion.
This was attributed to preferential incorporation of ethane and exclu-
sion of propane (C;) during the formation of Structure I hydrate. The
observed pattern of C,/C, and C,/C; anomalies, relative to baseline
ratios defined by the majority of samples, can be explained by invoking
the presence of dissociated gas hydrates. The C,/C,~C,;/C; anomaly
hydrate proxy is, therefore, similar to the chloride anomaly hydrate
proxy.

At Site 1247, Horizon A shows a low-amplitude chloride concentra-
tion low and methane high. Considering that Horizon A should be
more permeable where it is characterized by coarse-grained ash-rich
layers than where it consists of a clay-rich debris flow, these observa-
tions are surprising and have not yet been explained. At this horizon,
there is also Li enrichment similar in magnitude to that observed at
other sites, supporting the interpretation of a stratigraphic horizon that
transports fluids from greater depth.
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The depth of the SMI at this site is well constrained by high-
resolution samples and is determined to be at 11 mbsf (Fig. F19). As-
suming that this depth is entirely controlled by AMO (using sulfate as
the oxidant), a methane flux of 2.5 x 10-3 mM/cm?/yr is inferred, which
is ~1.4 times greater than at the Blake Ridge and ~30% less than at Site
1251. However, the assumptions on which this estimate is based may
not be valid for the entire interval above the SMI, leading to consider-
able uncertainty in this estimate.

The in situ temperature measurements in Hole 1247B yielded a very
precisely defined slope of 0.053°C/m (correlation coefficient = 0.999)
and did not reveal any sign of a positive temperature anomaly at Hori-
zon A. This observation will be used to place an upper boundary on the
rate of fluid transport from depth along this horizon, which can be
compared to rates obtained from the chemical anomalies.

Summary

Site 1247 provided further confirmation that multiple proxies for the
presence of in situ hydrate are consistent with direct measurements of
gas concentration in predicting the distribution and concentration of
gas hydrates in the subsurface. These include electrical resistivity and
porosity measured downhole via LWD, core temperatures measured on
the catwalk, and chloride anomalies measured in IWs extracted from
sediment samples. A new hydrate proxy, ethane enrichment and pro-
pane depletion, was discovered and holds promise for constraining hy-
drate dynamics. Results from this site also indicate that lateral changes
in the amplitude of Horizon A between Holes 1247A and 1247B proba-
bly result from lithologic changes rather than from the presence of
more stable hydrates of higher-order hydrocarbons, as had been specu-
lated (Tréhu et al., 2002). Finally, the small chloride concentration de-
pletion and methane enhancement associated with Horizon A, which is
not observed at Sites 1245, 1248, and 1250, leads to the apparently con-
tradictory conclusion that Horizon A is a more active conduit for
deeper fluids where it is composed of a clay-rich debris flow rather than
where it is composed of coarse-grained ash-rich sandy silt.

Site 1248

Site 1248 (proposed Site HR6) was drilled in ~830 m of water, ~300 m
northwest of the southern Hydrate Ridge summit (Fig. F1). This site is
located in the middle of a small (~150-m diameter) high-reflectivity
spot on the seafloor imaged by a deep-towed side-scan sonar survey
(Fig. F7). The small spot is located 300 m north of a larger circular high-
reflectivity patch around the Pinnacle, a well-known active carbonate
chemoherm. These are the only two locations on southern Hydrate
Ridge where high backscatter reflectivity is observed. It is interpreted to
indicate authigenic carbonate resulting from fluid venting at the sea-
floor. Television-sled surveys revealed some evidence for the presence of
scattered authigenic carbonate fragments within the small high-
reflectivity patch, which might be responsible for the higher backscat-
ter signal observed in the side-scan sonar data. The 3-D seismic data
show attenuation of the underlying stratigraphic reflectivity, similar to
what is observed beneath the Pinnacle (Fig. F7). Both areas of high
backscatter overlie the intersection of seismic Horizon A and the BSR.

The principal objectives at Site 1248 were to (1) investigate whether
the sediments below the high-reflectivity seafloor spot contain evi-
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dence of active fluid advection and (2) determine whether these fluids
are supplied by Horizon A.

Operations

Three holes were drilled at Site 1248 (Table T2). LWD measurements
were made in Hole 1248A down to 194 mbsf. Hole 1248B was aban-
doned at 17 mbsf after three cores. Coring disturbance because of
massive near-seafloor gas hydrate presence and a shattered liner during
retrieval of Core 204-1248B-3H resulted in poor core recovery (44%). Of
the 17 cores from Hole 1248C, 5 XCB cores were drilled to 48 mbsf, fol-
lowed by 11 APC cores and 1 XCB core to 149 mbsf (Table T3). After
poor core recovery (23%) in Cores 204-128C-1X through 5X, recovery
increased to 90%. Six temperature measurements were made using the
DVTP, APCT tool, and DVTPP (Table T4).

Principal Scientific Results

Three lithostratigraphic units were recognized at Site 1248 (Fig. F10).
The uppermost sediments that comprise Units I and II (late Pleistocene-
Holocene age) are characterized by dark greenish gray diatom-bearing
clay and silty clay and extend from the seafloor to 39 mbsf. These fine-
grained lithologies are commonly structureless except for sulfide mot-
tles. Lithostratigraphic Unit III (39-149 mbsf), of middle-early Pleis-
tocene age, is dominated by homogenous silty clays with varying
amounts of biogenic components. Sand- and silt-sized turbidites are in-
tercalated as minor lithologies throughout this unit.

High concentrations of beige to white volcanic glass shards were ob-
served in the tail of a few turbidites near 130 mbsf in Core 204-1248C-
14H (Fig. F9). These glass-rich layers are the lithologic signature of seis-
mic Horizon A, which appears in the LWD data as a 2-m-thick interval
characterized by high-resistivity and low-density values within the
depth interval from 126 to 128 mbsf. Physical property measurements
on discrete samples of the cores from Site 1248 confirm the low-density
character of Horizon A sediments, which is interpreted to be a result of
the reduced grain density of the ash. The presence of volcanic ash in
Horizon A reduces the grain density because amorphous silica particles
in the ash have distinctly lower grain densities than other sedimentary
components like quartz, feldspar, and clay minerals. Sediments from
the interval of Horizon A do not show higher porosity values than the
surrounding sediments. The distinctly larger grain size of the ash-rich
sediments, however, implies a different packing structure and possibly
higher permeability in these intervals, supporting the idea that Horizon
A is a potential fluid migration conduit.

Organic geochemistry measurements on gases from Site 1248 reveal
high methane contents throughout. In addition to the high methane
levels, there is a surprising variation in ethane content with depth. C,/
C, is <1000 near the seafloor, increasing to 10,000 near the base of the
GHSZ, and decreases sharply below the BSR (Fig. F16). In addition to
ethane, propane (Cs) is present in relatively high concentrations in the
upper 120 mbsf and is even more abundant in headspace gas below that
depth. The gas analyses at Site 1248 reflect the complex mixing of gases
from two hydrocarbon sources (Fig. F16). Mixed microbial and thermo-
genic gases are present in the uppermost 40 mbsf followed downhole
by an intermediate interval (40-100 mbsf) dominated by microbial gas.
Mixed microbial and thermogenic gas is also present in the deepest sed-
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iments at Site 1248 (below 100 mbsf), with thermogenic gas possibly
being injected at Horizon A at ~130 mbsf. The data suggest rapid advec-
tion of deeper gas to the seafloor, bypassing the lower part of the GHSZ.

Analyses of gases from dissociated hydrate samples collected from
the shallow zone above 40 mbsf showed that even though methane oc-
cupies most of the water cages of the hydrate structure, higher-order
hydrocarbons are also present. Gas hydrates at Site 1248 are probably
primarily Structure I hydrate that incorporates ethane molecules within
the cage structure. However, in Sample 204-1248C-2H-2, 0-10 cm (7.37
mbsf), a higher concentration of propane than ethane suggests that
Structure II hydrate is present. Although thermogenic Structure II gas
hydrates are common in petroleum provinces such as the Gulf of Mex-
ico and the Caspian Sea (Sassen et al., 2001; Ginsburg and Soloviev,
1998), this hydrate type was not known to be at Hydrate Ridge prior to
Leg 204.

IW geochemistry results clearly show the influence of gas hydrate
formation at Site 1248 (Fig. F15). Based on the chloride distribution in
the pore water, the presence of hydrate is suggested from the seafloor to
the BSR at 115 mbsf. The data indicate 25% gas hydrate content in the
pore space of the uppermost 20 mbsf, whereas LWD resistivity data in-
dicate up to 50% occupancy of pore space by gas hydrates. Below 20
mbsf, gas hydrate content calculated from chloride concentration
anomalies ranges from 2% to 5% of pore volume.

Soupy and mousselike textures present in silty clay and diatom-
bearing silty clay, interpreted to result from dissociation of hydrates,
provide additional evidence for the presence of hydrate in situ. These
textures were particularly common in the uppermost 20 mbsf, where
massive gas hydrate samples were recovered. In contrast, farther down-
core, only small nuggets and thin veins of hydrate were sampled. The
samples were identified by thermal IR imaging of cores on the catwalk
using a handheld IR camera. Postacquisition processing of the IR data
shows a good correlation with the pore volume saturation derived by
LWD resistivity logs, the chloride pore water data, and the sedimento-
logical observations of the presence of dissociated hydrate layers.

High advective flow rates in the uppermost 20 mbsf of the sediments
drilled at Site 1248 are indicated by several findings. Sulfate concentra-
tions were near zero even in the shallowest pore water sample, implying
a high methane flux from below that feeds microbial AMO. Microbial
reduction of near-seafloor sulfate during AMO produces millimolar
quantities of dissolved sulfide within the uppermost core. In addition,
the authigenic carbonates described in the cores are probably a result of
increased carbon dioxide production, reflected in the high pore water
alkalinities.

Temperature measurements from downhole tools (three APCT tool,
one DVTP, and two DVTPP runs) indicate a temperature gradient of
0.057C°/m and predict the base of the GHSZ at 127 mbsf. This is 12 m
deeper than indicated by the seismic and LWD data and is consistent
with a general pattern of greater mismatch between measured in situ
temperature and BSR depth near the summit of Hydrate Ridge, the
cause of which has not yet been determined.

Summary

Gas hydrate is present throughout the sediment column from the
seafloor to the BSR at Site 1248, as documented by IR imaging, LWD re-
sistivity and gamma density, chloride anomalies in the pore water,
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analyses of sedimentary fabric, and direct sampling of gas hydrates. The
Pleistocene-Holocene sediments drilled here indicate strong advection
of water and/or gas near the summit of southern Hydrate Ridge. There
is abundant hydrate in near-surface sediments and no sulfate in the
shallowest IW samples collected at Site 1248, clearly indicating active
flow of methane-bearing fluids. Authigenic carbonates form close to the
seafloor, probably induced by AMO. The presence of authigenic carbon-
ate as well as gas hydrate near the seafloor probably causes the high re-
flectivity that was mapped during the deep-towed side-scan sonar sur-
vey of the seafloor. Lateral advection is also indicated by the shallow
presence of thermogenic hydrocarbons mixed with microbial gases.
Gases obtained from dissociation of a shallow gas hydrate sample re-
vealed a higher concentration of propane than ethane (C; > C,) in addi-
tion to methane. Such a gas composition should form Structure II hy-
drate, although we were not able to confirm this on board. Structure II
gas hydrate is well known from petroleum basins like the Gulf of Mex-
ico (Sassen et al., 2001), and this is the first indication of Structure II hy-
drate along an accretionary margin.

Site 1249

Site 1249 (proposed Site HR4b) was drilled in 778 m of water on the
summit of southern Hydrate Ridge (Fig. F1). This area is characterized
by massive gas hydrate deposits at the seafloor (Suess et al., 2002). Vig-
orous streams of bubbles are known to emanate from the seafloor, as
documented by submersible observations and high-frequency echo
sounding surveys, which have repeatedly imaged bubble plumes in the
water column (Heeschen et al., 2003) (Fig. F3). These observations are
interpreted to indicate that whereas some of the methane rising
through the sediment column is trapped as hydrate near the seafloor,
some escapes into the water column (Suess et al., 2001).

The seafloor in this area is anomalously reflective (Johnson et al., in
press), and the seafloor reflectivity is spatially correlated with strong
subsurface seismic reflectivity that extends to ~30 mbsf (Fig. F7). These
geophysical observations have been interpreted to indicate the spatial
extent of lenses of massive hydrate intercalated with sediment (Tréhu et
al., 2002). Seismic data also indicate that the BSR at this site is at ~115
mbsf. However, coring was only permitted to 90 mbsf because of the
possibility of trapped gas beneath the BSR at this structural high.

The objectives at Site 1249 were to (1) determine the distribution and
concentration of gas hydrate with depth at the southern summit of Hy-
drate Ridge, (2) investigate processes that allow methane gas bubbles to
coexist with gas hydrate and pore water within the hydrate stability
field, and (3) test whether the pattern of chaotic reflectivity accurately
predicts the spatial extent of massive hydrate lenses.

Operations

Twelve holes were drilled at Site 1249 (Table T2). LWD measurements
were made during drilling in Hole 1249A. Hole 1249B was drilled using
the new RAB-8 LWD and coring system, which permits simultaneous
acquisition of core and logging data. For this test, we washed down to
30 mbsf before beginning RAB coring operations; eight cores (4.5 m
long) were taken with liners followed by 9-m-long cores without liners
until we reached the permitted penetration depth of 90 mbsf. Follow-
ing this test, the 90-m sediment sequence was APC sampled in Holes
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1249C through 1249F, with core recoveries of <30% in the uppermost
20 mbsf and increased core recovery (up to 70%) deeper in the holes
(Table T3). Six holes (Holes 1249G-1249L) were APC/XCB cored for a
special shore-based “geriatrics” study, in which several means of pre-
serving gas hydrates for future study will be compared. During this ef-
fort, 244 m of gas hydrate-bearing sediments were cored with 35% core
recovery. The samples were either stored in liquid nitrogen or steel pres-
sure vessels, which were repressurized using methane gas and water.

All pressure coring systems available (PCS, HRC, and FPC) were used
at Site 1249 (Table T4). The PCS was deployed seven times in Holes
1249C, 1249E, and 1249F. The FPC was used in Holes 1249D, 1249H,
and 1249G. The HRC was deployed in Holes 1249F and 1249G. Temper-
ature measurements were made using the DVTP and the APCT tool.

Principal Scientific Results

Based on visual observations, smear slide analyses, physical property
measurements, seismic stratigraphy, and logging data, the sediments at
Site 1249 were divided into three lithostratigraphic units. Each of the
three units correlates well with lithostratigraphy of other sites on the
western flank of Hydrate Ridge (Fig. F10). Because of poor core recovery
resulting, in part, from the presence of massive hydrate, lithostrati-
graphic Units I and II at Site 1249 were combined into a single unit re-
ferred to as Unit I-II. This unit, of early Pleistocene-Holocene age, is
composed of clay and silty clay; the biogenic component changes from
nannofossil bearing to diatom bearing and diatom rich. Lithostrato-
graphic Unit III, of early Pleistocene age, has similar lithologies to Unit
[-1I. The boundary between Unit III and Unit I-1I is defined by the pres-
ence of visible turbidites in the cores, an increase in grain size, a slight
increase in calcareous components, and a slight decrease in biogenic
opal. This boundary varies in depth among the holes (from 51 to 59
mbsf) and is coincident with seismic Horizon Y (Figs. F5, F7, F10),
which is interpreted to be a regional angular unconformity.

During Leg 204, the highest concentration of gas hydrates was en-
countered at Site 1249, leading to considerable whole-round sampling.
Massive gas hydrate pieces were recovered in the uppermost two cores.
Layers of apparently pure gas hydrate up to several centimeters thick
were interbedded with soft sediment. Temperature anomaly profiles
from the IR camera support this generalized model for gas hydrate dis-
tribution (Fig. F13). Downhole gas hydrate presence can also be in-
ferred from LWD resistivity data, and Archie’s Relation between resistiv-
ity and porosity implies gas hydrate saturations in the pore space at Site
1249 that locally range from 10% to 92% of the pore space. However,
the application of Archie’s Relation in highly heterogeneous media
(e.g., sediments containing massive hydrates, free gas, and laterally dis-
continuous hydrate layers) is likely to result in significant errors.

As a result of dissociation of gas hydrate during core recovery, cores
were highly disturbed and most of the original gas hydrate fabric was
probably not preserved. Soupy and mousselike textures, probably re-
lated to gas hydrate presence, were commonly observed. Soupy textures
are thought to result from the dissociation of massive gas hydrate, a
process that releases a considerable amount of water. Mousselike tex-
tures result from the dissociation of disseminated gas hydrates in fine-
grained sediments.

Pore fluids recovered from the upper 20 mbsf show pronounced en-
richment in dissolved chloride concentration. The highest chloride
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concentration measured was 1368 mM in a sample with a dry-looking
coherent fabric specifically selected (after the core was split) to repre-
sent the in situ pore fluid with minimal addition of water from hydrate
dissociation. The observed enrichment in dissolved chloride is only
possible in a system in which the rate of gas hydrate formation exceeds
the rate at which excess salts can be removed by diffusion and/or
advection. The presence of brines in the upper 20 mbsf is also reflected
by the concentration of other dissolved ions such as Na*, K+, Ba?*, Sr%+,
and Mg?+, which are excluded from the hydrate structure and enriched
in the residual pore water. The IW chemistry also reflects the effect of
rapid advection of deeply sourced fluids and diagenetic processes
occurring in near-surface sediments superimposed on the dissolved ion
enrichment resulting from brine formation. Below 20 mbsf, small nega-
tive chloride anomalies have been attributed to hydrate dissociation
during core recovery.

In comparison to other sites, headspace samples at Site 1249 showed
extremely high methane contents consistent with the presence of gas
hydrate in the headspace samples. Ethane and propane are also present
in high concentrations, indicating migration of thermogenic hydrocar-
bons. Gases from decomposed hydrate samples show that some of the
gas hydrates contain propane and butane, suggesting the presence of
Structure II hydrate.

In order to determine in situ methane concentration, PCS cores were
successfully obtained at 14, 34, and 72 mbsf (Fig. F17). The degassing
experiments document methane concentrations that may range from
200 to 6000 mM, which are above saturation at in situ temperature and
pressure conditions.

One of the highlights of Site 1249 was the successful recovery of gas
hydrate at in situ pressure using the new HYACINTH pressure sampling
tools. Two cores, an HRC and an FPC, from above 15 mbsf all contained
high concentrations of gas hydrate. Gamma density logs show a spec-
tacular interlayering of sediments and hydrate. Because some layers
have densities slightly lower than 1 g/cm3, we interpret these low-
density layers to be relatively pure hydrate layers. In addition, a very
low-density spike (0.75 g/cm?3) in a 8-cm-thick gas hydrate layer reveals
the presence of free gas within a massive gas hydrate layer. One HRC
core was frozen under pressure and transferred to liquid nitrogen; this
transfer was accompanied by small explosions that may also indicate
free gas within the hydrate structure.

Downhole temperatures derived from the APCT tool define a temper-
ature gradient of 0.047°-0.051°C/m and predict a depth to the base of
the GHSZ that is 20 m deeper than the BSR. The data at this site show
more scatter than is observed at other sites, where a comparable num-
ber of measurements were made. Some possible explanations for this
scatter are that dissociation of hydrate resulting from frictional heating
when the temperature probe is inserted affects the measurements. Alter-
natively, thermal conductivities measured on core samples may not be
representative of in situ thermal conductivity when large concentra-
tions of hydrate are present. This will be investigated further as part of
shore-based recalibration and reanalysis of the downhole temperature
data.

Summary

Early Pleistocene-Holocene sediments of lithostratigraphic Units I-I1
and II at Site 1249 are well correlated with other sites along the western
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flank of southern Hydrate Ridge. Site 1249 was cored to a depth of 90
mbsf; thus, this entire sequence lies within the GHSZ, and large quanti-
ties of gas hydrates were sampled. Core recovery at this site was limited
by the presence of massive gas hydrate close to the seafloor. Rapid for-
mation of massive hydrates in the uppermost 20 mbsf at this site in-
duces brine formation, with pore water chloride values of up to 1368
mM. This is the greatest chloride enrichment as a result of gas hydrate
reported to date. Degassing of PCS Core 204-1249F-4P produced 95 L of
gas at atmospheric pressure, which is the largest amount of gas ever col-
lected by the PCS. At this site, we obtained the first density measure-
ments from gas hydrates under in situ conditions using the HYACINTH
pressure coring and laboratory transfer systems. One HYACINTH core
showed direct evidence for free gas within gas hydrate layers at 13 mbsf.

Site 1250

Site 1250 (proposed Site HR4a) was drilled in 792 m of water ~100 m
west of the southern summit of Hydrate Ridge and ~100 m east of the
Pinnacle (Fig. F1). On southern Hydrate Ridge, the Pinnacle is the only
carbonate mound, whereas at northern Hydrate Ridge several major
chemoherms are known. The Pinnacle has near-vertical flanks rising
~40 m above the seafloor and a diameter of ~50 m. The carbon source
for the Pinnacle is oxidized biogenic methane based on very low §'3C
values of samples recovered by the Alvin or ROV (Teichert et al., in
press). 29Th/234U data indicate that the Pinnacle probably formed dur-
ing the last 12 k.y. (Teichert et al., in press). It is located in the middle of
a high-reflectivity patch (Fig. F7) (Johnson et al., in press), which might
be created by scattered carbonates close to the seafloor and/or the pres-
ence of shallow gas hydrates. Site 1250 lies close to the eastern rim of
the high-reflectivity patch (Fig. F7). The precruise 3-D seismic reflection
survey data show that seismic Horizon A (~150 mbsf at Site 1250) meets
the BSR (~114 mbsf at Site 1250) just below the Pinnacle (Fig. F7).

The primary objective at Site 1250 was to sample the sediments, flu-
ids, gases, and gas hydrates under the high-backscatter seafloor flanking
the Pinnacle. The sediments at Site 1250 were expected to be strongly
affected by the upward fluid migration that has resulted in the forma-
tion of the Pinnacle chemoherm. In this context, understanding the
role of Horizon A as a conduit for fluid flow and its interaction with the
BSR was of special interest.

Operations

Five holes were drilled at Site 1250 (Table T2). Recording of the LWD
RAB tool failed during the first run in Hole 1250A because of depleted
batteries; therefore, the LWD operation was repeated in Hole 1250B,
which was drilled to 180 mbsf. Holes 1250C and 1250D were APC/XCB
cored down to 145 mbsf (Table T3). In Holes 1250C and 1250D, 19
cores were recovered, with average recovery of 82% of the total penetra-
tion. Two cores were recovered in Hole 1250E, which was dedicated to
biogeochemical sampling, with 92% core recovery. Because of relatively
high levels of higher-order hydrocarbons encountered near Horizon A
at Site 1248, we decided not to penetrate Horizon A until a better un-
derstanding of possible hazards associated with this horizon had been
obtained from drilling through it further downdip. After coring
through Horizon A at Sites 1245 and 1247, we returned to Site 1250 to
APC/XCB core Hole 1250F from 100 to 180 mbsf.
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The PCS was deployed twice in Hole 1250C, three times in Hole
1250D, and three times in Hole 1250F (Table T4). HYACINTH autoclave
pressure coring tools were deployed in Holes 1250C and 1250D. Special
tools were used for temperature measurements in Hole 1250C, includ-
ing five APCT tool runs and two DVTP runs. Temperature measure-
ments in Hole 1250D included four APCT tool runs and two DVTP
runs. Wireline logging was performed in Hole 1250F using separate runs
of the triple combo and FMS-sonic tool strings down to 180 mbsf. Verti-
cal and offset VSPs were acquired with the JOIDES Resolution and the
Ewing (located at an offset of ~700 m) alternating shots. This was fol-
lowed by walkaway VSPs shot by the Ewing to downhole seismometers
clamped at 91, 138, and 172 mbsf.

Principal Scientific Results

On the basis of visual sediment descriptions, physical property mea-
surements, LWD data, and seismic correlation, the sedimentary se-
quence at Site 1250 was divided into three lithostratigraphic units.
Lithostratigraphic Unit I, late Pleistocene-Holocene in age, extends
from the seafloor to 9.5 mbsf and is mainly composed of dark greenish
gray clay or silty clay, which is generally diatom bearing or diatom rich.
Lithostratigraphic Unit II (9.5-14 mbsf), of late Pleistocene age, is prin-
cipally composed of lithologies similar to those in Unit I. However,
lithostratigraphic Unit II also contains graded silt and sand layers, inter-
preted as turbidites, which are not present in lithostratigraphic Unit 1.
Lithostratigraphic Unit III (14-181 mbsf) consists of silty clay that is
nannofossil rich or diatom rich, with an age range of early-late
Pleistocene.

The boundary between lithostratigraphic Units II and III is correlated
with Horizon Y (Fig. F10), a seismic reflector that corresponds to a re-
gional stratigraphic unconformity (Figs. F5, F7). This boundary is well
defined by a 6-m-thick sequence of coarse-grained high-frequency thin
turbidite layers, which includes individual sand layers up to 20 cm
thick. LWD recorded a high-density peak around seismic Horizon Y,
which was confirmed by shipboard physical property measurements of
core samples. In addition, shipboard multisensor track (MST) data re-
veal a large positive excursion of MS caused by a higher content of mag-
netic minerals within the sand layers at the boundary between lithos-
tratigraphic Units II and III.

Lithostratigraphic Unit III at Site 1250 is divided in two subunits.
Subunit IIIA includes several mass-wasting deposits, of which a debris
flow layer between 86.5 and 100 mbsf is the most pronounced example.
This deposit is characterized by the presence of mud clasts up to 5 cm in
diameter, similar to those observed at other sites (Fig. F9) and several
soft sediment deformation features. Subunit IIIB has a distinctly higher
abundance of calcareous nannofossils and foraminifers than Subunit
[IIA. The boundary between the stratigraphic Subunits IIIA and IIIB is
marked by several light-colored ash-rich layers that are composed of
volcanic glass-rich silt to silty volcanic ash, typically a few centimeters
thick. This ash-rich interval is well defined in the LWD data by a low
density anomaly and corresponds to the regional seismic reflector
known as Horizon A. Physical property measurements on discrete sam-
ples at Site 1250 revealed low grain densities in this depth interval,
which are partly explained by the low grain density of the amorphous
silicate components of the ash. Free gas in this interval may also con-
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tribute to the low densities and high resistivities recorded in the LWD
data and to the low seismic velocities recorded by the sonic logs and
VSPs.

IR imaging of the cores on the catwalk using a handheld camera en-
abled us to identify 20 whole-round samples likely to contain gas hy-
drates. The hydrate samples show a wide range of morphologies, rang-
ing from massive to nodular, and are often embedded in soupy
sediments, which are interpreted to result from decomposition of dis-
seminated hydrate and fluidization of the sediment by hydrate water.

In addition, IR imaging with the track-mounted camera revealed 40
temperature anomalies between 14 and 109 mbsf in Hole 1250C and 57
anomalies between 6 and 113 mbsf in Hole 1250D. The depth range of
the low-temperature anomalies correlates well with the depth distribu-
tion of moussey and soupy textures observed by the sedimentologists
during core description. The lowermost gas hydrate piece was sampled
in Hole 1250F at 100.23 mbsf, which is slightly above the base of the
GHSZ at 114 mbsf as defined in the P-wave sonic log.

Chloride concentrations in the pore water at Site 1250 document the
different geochemical processes linked to the presence of gas hydrates.
As observed at Site 1249, an enrichment in dissolved chloride in the up-
per 20-30 mbst at Site 1250 shows the effect of rapid and recent gas hy-
drate formation. Below 20-30 mbsf, the chloride shows a gently sloping
baseline toward fresher chloride values. Using this curve as the baseline,
the negative chloride anomalies were used to calculate the amount of
gas hydrate responsible for the dilution of each sample. Average hy-
drate concentrations were calculated to be 0%-6% of pore space, with a
maximum concentration of 15%

IW chemistry documents upward fluid advection and near-surface
diagenetic processes. Sulfate is depleted even in the shallowest sample
because of the upward methane flux and methane oxidation. Alkalinity
is anomalously high in the upper tens of meters, reflecting fluid advec-
tion. Authigenic carbonate formation is documented by very low Ca
concentration in the pore fluids and discrete carbonate samples close to
the seafloor. The IW chemistry also reflects migration of fluids from a
deep source. A downhole linear increase in lithium concentration with
depth is believed to reflect the diagenetic remobilization of lithium at
depth in the accretionary wedge, where the temperature exceeds 80°C.
Superimposed on this downhole lithium increase is a peak in the pore
fluid concentration around seismic Horizon A, indicating focused fluid
transport along this high-permeability pathway.

Gas samples from Site 1250 show high methane content throughout
the sediment sequence, and there is no decrease in the shallow samples.
This is in agreement with the lack of sulfate in the pore water and the
inferred high advection rates. Void gas samples show that the ethane
content is relatively high. The observed enrichment of higher hydrocar-
bons (C5-Cs) close to the seafloor indicates lateral migration of wet gas
hydrocarbons that must have originally been derived from a deep
source. A distinct increase in ethane observed near the BSR could be a
result of ethane release from decomposed gas hydrate. An increase in
propane and n-butane probably reflects migration of hydrocarbons
from deeper depths.

In order to obtain in situ gas concentrations, the PCS was deployed
successfully five times. Three PCS deployments above the BSR show
concentrations clearly above methane saturation (Fig. F17), which pre-
dict gas hydrate concentrations of 0.6%-2.2% within the pore volume
of the cores. One PCS sample (Core 204-1250F-4P), recovered ~5 m be-
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low the BSR, also contains methane concentration above saturation.
Another sample (Core 204-1250D-18P) collected ~24 m below the BSR,
indicates a gas concentration below saturation at in situ conditions.

Nine APC temperature measurements were made at this site, and
they yielded a thermal gradient of 0.049°C/m, which is lower than ex-
pected and predicts the base of the GHSZ at 130 mbsf. This is 18 m
deeper than the level of the GHSZ indicated by the seismic and LWD
data and is consistent with a general pattern of greater mismatch be-
tween measured in situ temperature and BSR depth near the summit of
Hydrate Ridge. The cause of this discrepancy is yet not known.

Summary

At Site 1250, hemipelagic fine-grained sediments interbedded with
turbidites are Quaternary in age (younger than 1.6 Ma) and contain gas
hydrate in varying amounts. Positive chloride anomalies in the pore
water in the upper 20-30 mbsf reveal rapid and active formation of gas
hydrate during recent times, consistent with LWD resistivity data and
direct sampling. High methane concentration, no sulfate, high alkalin-
ity, and carbonate diagenesis in the uppermost sediments document
high advection rates of water and/or gas, similar to what was observed
at the other seep-related sites (Sites 1248 and 1249). Below 30 mbsf,
chloride anomalies in IW samples and direct measurement of in situ gas
concentrations using the PCS indicates that gas hydrates occupy <1% to
a few percent of the pore space. The presence of free gas just below the
BSR is documented by the concentrations of methane well above in situ
solubility found in a PCS core from below the BSR and from P-wave
data obtained by sonic logs and VSPs.

Site 1251

Site 1251 (proposed Site HR2alt) was drilled at a water depth of
~1210 m ~5.5 km east of the southern summit of Hydrate Ridge (Fig.
F1). The site is located in a slope basin where well-stratified sediments
were apparently deposited at a rapid rate. Seismic data record a history
of deposition, tilting, folding, and depositional hiatuses in the basin
that is probably related to the evolution of Hydrate Ridge. A strong BSR
suggests that the base of the GHSZ is at ~200 mbsf at this site.

The principal objectives at Site 1251 were to (1) determine the source
of water and gases forming gas hydrates in a setting that is character-
ized by rapid deposition of hemipelagic sediments and mass-wasting
deposits, in contrast to the uplifted sediments of the accretionary com-
plex; (2) determine the distribution of gas hydrates in relation to the
typical lithologic parameters for the basin; (3) test general models for
hydrate formation in regions of rapid sediment accumulation that were
developed in the Blake Ridge area from results of ODP Leg 164; and
(4) provide age constraints on the geological history recorded by seis-
mic stratigraphy.

Operations

Eight holes were drilled at Site 1251 (Table T2). In Hole 1251A, LWD
measurements were made using a variable, but generally low, rate of
penetration (ROP) in the upper 30 mbsf followed by an increased ROP
of ~50 m/hr from 30 mbsf to the bottom of the hole (at 380 mbsf). Hole
1251B was APC cored (including PCS deployments at 105 and 154 mbsf
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and an FPC deployment at 172 mbsf), with an average core recovery of
80.6% down to 194.6 mbsf, where more lithified sediments signifi-
cantly reduced the penetration of the bit (Table T3). Coring continued
using the XCB down to 445.1 mbsf with an average recovery of 85.5%.
In addition to the XCB coring, the three pressure coring tools (PCS,
FPC, and HRC) were used at 291, 330, and 397 mbsf, respectively. Spe-
cial tools in Hole 1251B included four APCT tool and two DVTPP runs
(Table T4). Hole 1251C was terminated after two cores. In Hole 1251D,
3 XCB cores were drilled to 26.9 mbsf followed by 15 APC cores to
173.4 mbsf and 6 XCB cores to 226.5 mbsf. Special tools in Hole 1251D
included one APCT tool, two DVTPP, four PCS, one FPC, and one HRC
runs. Holes 1251E and 1251F were each cored with the APC to 9.5 mbsf
for high-density coupled geochemical and microbiological sampling.
Hole 1251G was washed to 2.5 mbsf before one APC core was taken for
special sampling of turbidite layers. The hole was then washed down to
20 mbsf before an additional PCS (at 21 mbsf) was deployed.

Principal Scientific Results

Based on the major and minor lithologies and additional criteria like
sediment fabric, physical properties, microscopic, chemical, and X-ray
diffraction (XRD) analysis, the hemipelagic strata and turbidite se-
quences recovered at Site 1251 were divided in three lithostratigraphic
units (Fig. F10). Lithostratigraphic Unit I, subdivided into three sub-
units, extends from the seafloor to 130 mbsf and is characterized domi-
nantly by dark greenish gray clay to silty clay ranging from Pleistocene
to Holocene age (0—~0.3 Ma). The sediments of Subunit IA (0-23 mbsf)
are characterized by clay and silty clay, some of which is diatom bear-
ing, interlayered with several coarse-grained turbidites. Subunit IB (23—
34 mbsf) is characterized by unsorted pebble-sized mudclasts in a clay
matrix and a series of soft sediment deformation fabrics representing a
debris flow unit. This unit can be traced regionally based on its chaotic
character in seismic reflection records (Fig. F8) and reaches a maximum
thickness of ~70 m in the center of the slope basin. Stratified diatom-
bearing silty clays comprise Subunit IC (34-130 mbsf), which shows
clear seismic stratification. The base of Subunit IC is defined to corre-
spond to a prominent angular unconformity imaged in the seismic
data, although there is no apparent lithologic discontinuity at that
boundary.

Hemipelagic clays of middle Pleistocene age, partly enriched in sili-
ceous and calcareous biogenic components, form lithostratigraphic
Unit II (130-300 mbsf). Unit III (300-443 mbsf) consists of partly lithi-
fied clays that show a downcore transition to claystones. A distinct en-
richment of green glauconite grains in a 120-cm-thick interval on top
of lithostratigraphic Unit III is probably associated with a major uncon-
formity or period of very low sedimentation rate that lasted from 1.6 to
1.0 Ma, as defined by biostratigraphic data. Between 320 and 370 mbsf,
the sediments contain a higher amount of biogenic opal, which is well
documented by smear slide estimates and XRD analyses. Authigenic
carbonates of various morphologies and mineralogical compositions as
well as glauconite grains are scattered throughout this unit. Biostrati-
graphic investigations using diatoms and calcareous nannofossils indi-
cate an early Pleistocene and late Pliocene age for these sediments. The
Pleistocene/Pliocene boundary is at ~375 mbsf.

Major downcore changes in sedimentary physical properties are gen-
erally in agreement with seismic stratigraphy and lithostratigraphic
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boundaries. The uppermost sediments of lithostratigraphic Units I and
IT are characterized by increasing bulk density values that follow a stan-
dard compaction curve. A generally increasing trend in bulk densities
measured with the MST and in density measurements on discrete sam-
ples (MAD) is interrupted by a 50-m-thick sediment sequence between
320 and 370 mbsf in which the bulk densities drop significantly and
porosity values increase. This change in physical properties is caused by
higher amounts of biogenic opal-A, an amorphous silica phase having
low grain density and high skeleton porosity. MS values at Site 1251 are
characterized by generally uniformly low wvalues. Various high-
amplitude MS peaks are correlated with either turbidites, enrichments
of magnetic minerals resulting from low sedimentation rates, or diage-
netic iron sulfide minerals.

Thermal imaging of cores using the IR cameras was used to detect in-
tervals of disseminated gas hydrate between 40 and 200 mbst. Discrete
samples of hydrate were not seen in Hole 1251B, although several cold
anomalies were observed. The sediments hosting the BSR were not sam-
pled in Hole 1251B because of low recovery in this interval. The IR tem-
perature anomalies observed in Hole 1251B were relatively small (AT =
~1°-1.5°C) compared to an IR temperature anomaly (AT = ~6°C) en-
countered in Hole 1251D between 190 and 197 mbsf (Fig. F20), which
corresponds to the interval just above the BSR.

IW geochemistry at Site 1251 focused on hydrate-related changes in
chloride concentration pattern, changes in fluid composition in rela-
tion to dewatering of the sediments, and biogeochemical processes
within the sediments. As observed at Sites 1244 and 1252 as well as in
other accretionary wedges, the profile of dissolved chloride at Site 1251
decreases downcore from present seawater values close to the seafloor.
At Site 1251, the chloride decrease in the IWs corresponds to an in-
crease in dissolved lithium, revealing a fluid source from deeper sedi-
ments of the accretionary complex. The dissolved chloride distribution
at Site 1251 shows only one distinct negative anomaly, seen in several
samples taken just above the BSR from ~190 to 200 mbsf (Fig. F20). This
is consistent with the IR temperature and visual observations, which in-
dicate the presence of disseminated hydrate just above the BSR. Based
on the lowest chloride value measured relative to an estimated back-
ground concentration, gas hydrate occupies up to 20% of the pore
space in this zone. This finding is in contrast to other sites drilled dur-
ing the leg, where repeated excursions to low chloride concentration
values record the presence of gas hydrate over much larger depth inter-
vals above the BSR. We note that this low chloride anomaly was missed
completely in Hole 1215B because of poor recovery of this interval. Spe-
cial care was taken to sample this interval in Hole 1251C.

As at other sites on Hydrate Ridge, a number of processes control
whether methane reaches levels above saturation within the GHSZ. An
important process controlling the methane distribution in the sedi-
ments at Site 1251 is methane consumption by AMO using sulfate as an
oxidant. Methane flux at the SMI can be estimated from the sulfate and
methane concentration gradients. At Site 1251, over half the sulfate be-
ing reduced is a result of AMO. Sulfate depletion at the SMI at 4.5 mbsf
(Fig. F19) also leads to high dissolved barium concentrations below the
SMI.

Methane concentrations obtained from headspace analyses increased
rapidly below the level of sulfate depletion. Eight PCS deployments re-
vealed methane concentrations from 46.4 to 158.4 mM at depths rang-
ing from 20 to 290 mbsf (Fig. F17). The methane concentration at 20

F20. IR thermal anomalies and
comparison between chloride
anomalies, p. 70.
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mbsf is compatible with the shallower headspace methane estimates
and provides the gradient from which the methane flux is calculated.
Based on measured methane concentrations slightly above solubility,
two PCS deployments within the GHSZ (at 45 and 104 mbsf) show
methane concentrations with values above saturation, implying the
presence of methane hydrate. Observations below the BSR are ambigu-
ous. A PCS sample from 32 m below the BSR did not show methane
concentration above solubility, whereas one from 100 m below the BSR
did.

In addition to methane (C,), traces of higher molecular weight hy-
drocarbons such as ethane (C,), ethylene (C,.), and propane (C;) were
also detected throughout the sequence cored at Site 1251. As at Sites
1244 and 1246, the composition of gas samples recovered from both
expansion voids in the core liner and headspace measurements show a
systematic in decrease in C,/C, ratios below the BSR (Fig. F16). This or-
der of magnitude decrease in the C,/C, ratio is caused by an abrupt in-
crease of ethane rather than by a change in methane concentration.
Two possible mechanisms have been considered to explain this obser-
vation. In the first mechanism, ethane is preferentially stored in hy-
drates and then released when the ethane-enriched gas hydrates at the
base of the GHSZ dissociate in response to subsidence of the slope basin
and the resulting upward migration of the GHSZ through the sediment
column. In the second mechanism, the GHSZ is a barrier to C, migra-
tion. Additional analysis of the gas composition in hydrate samples
from Leg 204 should permit us to distinguish between these two mech-
anisms.

Temperature measurements obtained with five APCT tool and three
DVTPP deployments were used to calculate a linear temperature gradi-
ent of 0.0575°C/m at Site 1251, which is very similar to temperature
profiles from other sites on Hydrate Ridge. Extrapolating laboratory
measurements of gas hydrate stability for pure methane in water of
3.5% salinity, this temperature gradient predicts the base of the GHSZ
to be at ~196 mbsf, which is in excellent agreement with the BSR depth
determined from 3-D seismic reflection data and from other data ac-
quired during Leg 204.

LWD data in the basin sediments in Hole 1251A are of high quality
even though data were collected at a faster ROP than at other sites.
There is minimal loss of vertical resolution. Resistivity and density log
variations indicate thin-bedded changes in lithologies throughout the
hole below 130 mbsf, which most likely reflect the downhole presence
of interbedded turbidites that were observed during core description.
There is little direct evidence for the presence of gas hydrate in the
LWD data, except for the depth interval from 90 to 110 mbsf and again
immediately above the BSR. Archie’s Relation for estimating water satu-
ration from the resistivity log data (Collett and Ladd, 2000) implies as
much as 18% gas hydrate saturation in the sediments just above the
BSR, in excellent agreement with the estimate based on the maximum
chloride anomaly. The resistivity data also indicate the presence of free
gas extending for ~100 m below the BSR. Borehole breakouts are well
developed below 300 mbsf and indicate a north-south axis of least com-
pressive stress.

Summary

Drilling at Site 1251 recovered a sequence of well-stratified
hemipelagic sediments in the slope basin adjacent to Hydrate Ridge.
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Major lithostratigraphic units were characterized and are, in most cases,
separated by clearly defined unconformities in the seismic record. Ther-
mal, sedimentological, geophysical, and geochemical proxies for the
presence of hydrate, as well as direct sampling, were used to document
the presence of gas hydrates in host sediments younger than 500,000 yr
old. At this site, significant hydrate accumulations seem to be limited to
two intervals, 90-110 mbsf and just above the BSR at 190-200 mbsf.
This is in sharp contrast to the hydrate distribution at the other sites
cored during Leg 204, where hydrate is found throughout most of the
hydrate stability zone.

Site 1252

Site 1252 (proposed Site HRS5a) was drilled in 1039 m of water ~4.5
km northeast of the southern summit of Hydrate Ridge. The site is lo-
cated on the western flank of a secondary anticline east of the crest of
Hydrate Ridge. The sediments in the core of the anticline appear to be
continuous with the accretionary complex sediments sampled near the
base of Site 1244 (~1.5 km to the west). Although there is an anoma-
lously bright BSR at a depth of ~170 mbsf within the core of the anti-
cline, the BSR disappears abruptly at an apparent stratigraphic bound-
ary within the accretionary complex sequence and does not extend
beneath Site 1252 (Fig. F8). Sediments onlapping the anticline from the
west can be correlated with sediments sampled at Site 1251.

The principal objectives at Site 1252 were to (1) sample the sedi-
ments in the core of the anticline to determine whether they are com-
positionally and biostratigraphically similar to those at the base of Site
1244, (2) determine the structure of these sediments in order to con-
strain the mode of growth of the anticline/diapir, (3) determine
whether hydrates are present at a site near a very strong BSR but where
no BSR is present, and (4) provide age constraints on the geological his-
tory recorded by seismic stratigraphy.

Operations

One hole was drilled at Site 1252, comprising 28 cores (14 APC and
14 XCB) and sampling sediments to a depth of 260 mbsf (Tables T2,
T3). The APCT tool, which was deployed six times to measure in situ
temperature, was the only special downhole tool used at this site (Table
T4). This is the only site where we did not acquire LWD data. Wireline
logging data were acquired, including one run with the triple combo
tool string and one run with the FMS-sonic tool string. This was an al-
ternate site and was the last site drilled during Leg 204.

Principal Scientific Results

Drilling at Site 1252 showed evidence for only very limited presence
of gas hydrate. Nonetheless, it is a very interesting site in that it showed
clear correlations between lithostratigraphic observations, physical
property measurements, and wireline logging results throughout the
entire cored sequence. It is the only site to show significant authigenic
carbonate formation beneath the upper tens of meters.

Based on the major and minor lithologies and additional criteria like
fabric, physical properties, and microscopic analysis, the sediments re-
covered at Site 1252 were divided in three lithostratigraphic units (Fig.
F10). Lithostratigraphic Unit I, subdivided into four subunits, extends
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from the seafloor to 96.5 mbsf and is dominated by dark greenish gray
clay to silty clay ranging in age from O to ~0.3 Ma. Subunit IA is charac-
terized by a strong negative density gradient in the MST data, which
probably results from the onset of gas exsolution at ~7 mbsf. The lower
boundary of Unit I is defined by the same unconformity that was sam-
pled at a depth of 130 mbsf at Site 1251. At both sites, this unconfor-
mity is clearly seen in seismic data (“U”) (Fig. F8) and is compatible
with biostratigraphic data but does not have a striking lithologic signa-
ture. At Site 1252, the U unconformity is overlain by an apparent debris
flow called Subunit ID, the top of which corresponds to a strong anom-
aly in MS. Subunit ID (Fig. F10) pinches out just west of Site 1251 and
was not sampled there. In contrast, the debris flow that comprises Sub-
unit IB at Site 1251 is not present at Site 1252 (Fig. F8). Subunit IC at
both sites is strikingly similar in its lithologic description and its seismic
reflection character.

Unit II at Site 1252 is a dark green foraminifer-rich silty clay that is
intercalated with lighter-colored fine sand and coarse silt turbidite lay-
ers. These thin turbidites result in a nearly continuous zone of high MS.
In contrast to Site 1251, where Unit II is ~180 m thick, Unit II at Site
1252 is only ~20 m thick. This is primarily due to the location of this
site, where Unit II laps onto the west flank of uplifted accretionary
complex sediments. Subunits IB and IC through Unit II are character-
ized by a normal increase in density and decrease in porosity with
depth that is probably caused by sediment compaction.

The boundary between Unit II and Unit III is marked by a 5-m-thick
series of glauconite-rich sands, including a 2-cm-thick layer of almost
pure glauconite. This is underlain by a layer of authigenic carbonate
that required a transition from APC to XCB coring at 125 mbsf. Wire-
line density, resistivity, and chemical (uranium and potassium) logs all
show very high values in a 6-m-thick interval at this depth, consistent
with extensive carbonate precipitation forming concretions and ce-
ment. The top of Unit III corresponds closely with the top of the up-
lifted accretionary complex sediments in the core of the anticline/
diapir and is referred to as Subunit IIIA (131-210 mbsf). It is underlain
by Subunit IIIB (210-260 mbsf), which is distinguished from Subunit
IITA by an increase in biogenic opal and a decrease in silt. The biostrati-
graphic age of Unit Il is 1.6 to >2 Ma.

The density profile of Unit III is unusual. Physical property measure-
ments (MST gamma ray attenuation [GRA] logs and MAD bulk density)
indicate that the density decreases by 0.2 g/cm? (from 1.8 to 1.6 g/cm?3)
over a distance of ~25 m below the carbonate-rich zone and is then
variable, with an average value of ~1.7 g/cm3. No systematic increase in
density is observed until the base of the hole at 260 mbsf. The wireline
density logs show similar behavior, with a local increase to nearly 2.0 g/
cm?3 in the carbonate layers underlain by a nearly constant density of
1.7 g/cm3 with occasional thin (~2 m thick) low-density (~1.5 g/cm3)
excursions. This anomalous density profile, similar to but better defined
than what was observed in the lower part of the section at Sites 1244
and 1251, suggests that density-driven diapirism may be a mechanism
contributing to the tectonic evolution of the accretionary prism.

Thermal imaging of cores using the IR cameras indicated only very
limited hydrate presence at Site 1252. Two possible hydrate samples
were preserved from depths of 83 mbsf (in Subunit ID) and 99 mbsf (in
Unit II). The chloride concentration in the pore water and the C,/C,
ratios in void-space gas samples did not show anomalies indicative of
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dissociated hydrate, unlike what was observed at other sites (see, for ex-
ample, discussion of Site 1247). In contrast, Subunit IIIA showed several
examples of classic moussey and soupy texture in cores recovered from
above the base of the GHSZ. A sample of the soupy sediment was taken
for postcruise chloride analysis.

The chloride profile shows a general decrease with depth similar to
those observed at Sites 1244 and 1251 (Fig. F15). This decrease has been
attributed to diffusion or slow advection of low chloride concentration
pore waters generated by dewatering of aluminosilicates deeper in the
accretionary complex. A closer look at the chloride profile suggests
breaks in slope that can be roughly correlated with lithologic bound-
aries, suggesting lithologic control on permeability.

The thermal gradient of 0.063°C/m measured at Site 1252 is rela-
tively high. This is the only site at which the BSR depth predicted based
on the measured thermal gradient is shallower than the seismic BSR, al-
though interpretation of the significance of this observation requires
more detailed analysis of measurement uncertainty.

Summary

Site 1252 provided the best sampling of the older (>1.65 Ma) sedi-
ments that comprise the uppermost part of the seismically incoherent
facies referred to as the accretionary complex. This zone is characterized
by a density inversion relative to the base of the overlying slope basin
sediments and an anomalous density vs. depth profile. This observation
suggests that gravitational instability should be considered as a possible
driving force contributing to the evolution of forearc structure here.
The data from this site also reinforce previous observations that the ac-
cretionary complex is characterized by low chloride concentration IWs
and is relatively permeable. Although this site yielded little direct evi-
dence of gas hydrate, sediment textures and limited IR thermal anoma-
lies indicate that some hydrate was present even though no BSR is ob-
served at this site.

CONCLUSIONS

In this section, we summarize some of the general conclusions that
emerge from the above discussions of the preliminary results at each
site. We also point out additional questions that are the focus of ongo-
ing postcruise data integration and modeling efforts.

Multiple proxies for hydrate presence and concentration are consistent
and complementary. They indicate that gas hydrate is present and concen-
trated in relatively coarse-grained layers over a broad depth range between
the seafloor and the BSR. One of the main conclusions to emerge from
the shipboard analysis of the data collected during Leg 204 is that gas
hydrates are distributed through a broad depth range within the GHSZ.
Electrical resistivity anomalies measured downhole with LWD and wire-
line logging, low-temperature anomalies measured with IR camera
scans immediately after cores came on deck, low chloride concentra-
tion measured in IWs, anomalously low C,/C, ratios measured in vacu-
tainer samples, and gas volumes measured from pressure core samples
are all proxies for the presence of gas hydrate in the subsurface. All are
consistently observed to start at a similar depth at a given site (~30-50
mbsf at sites away from the summit and at the seafloor at sites near the
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summit) and lead to consistent conclusions about the distribution and
concentration of gas hydrate beneath Hydrate Ridge.

The various proxies for the presence of gas hydrate measure different
length scales and have different sensitivity to hydrate concentration.
Downhole electrical resistivity, seismic velocity and attenuation, and
temperature anomalies in recovered cores can be continuously mea-
sured at high resolution and indicate that hydrate concentration proba-
bly varies considerably on scales of millimeters to tens of centimeters.
These data provide continuous profiles of relative hydrate concentra-
tion and indicate that hydrate is distributed over a broad depth range.
Exceptions are Site 1251 in the eastern slope basin, where hydrate is
concentrated in a 12-m-thick zone just above the BSR, and sites near
the summit, where it is concentrated near the seafloor. These geophysi-
cal parameters, however, do not give a direct measurement of concen-
tration, although concentration can be estimated through physical
models (e.g., through Archie’s Relation in the case of resistivity) (see
Collett and Ladd, 2001).

The PCS data give a direct measurement of gas concentration in situ.
The concentration of gas hydrate or free gas may be estimated by com-
paring the in situ gas concentration to the predicted in situ solubility.
These measurements, however, are restricted to only a handful at each
site because of logistical constraints. The ODP PCS provides measure-
ments of concentration averaged >1 m, whereas the newer HYACE tools
demonstrated the potential to provide additional information about
centimeter-scale hydrate distribution and the presence of free gas in
sediments.

Chloride concentration measurements provide robust estimates of
hydrate concentration if the background chloride concentration profile
can be constrained. However, they are spatially aliased because it is not
practical to routinely obtain measurements less than several meters
apart. Leg 204 has demonstrated that background chloride concentra-
tion can be well defined, except near the summit where the background
chloride concentration cannot be determined because of very rapid hy-
drate formation (see “Site 1249,” p. 30). The Leg 204 chloride data also
demonstrate that it is essential to extend chloride measurements well
below the base of the GHSZ. In the Hydrate Ridge chloride data, there is
a clear freshening of the IWs as a result of diffusion from a low chloride
concentration source at depth (probably water derived from dehydra-
tion of subducted minerals). Estimates that do not take this into ac-
count will incorrectly estimate the in situ hydrate concentration.

C,/C, ratios have the potential to become a new proxy for hydrate
concentration. Leg 204 data suggest preferential incorporation of
ethane into hydrate. Decomposition of hydrate then results in a signal
that can be detected in routine headspace and vacutainer measure-
ments.

Additional analysis of the data from Leg 204 is under way to better
calibrate quasicontinuous geophysical data using robust geochemical
estimates of in situ hydrate concentration. This will result in greatly im-
proved estimates of the total amount of methane and other hydrocar-
bon gases sequestered in the gas hydrate system on the Oregon conti-
nental margin. The calibrated downhole geophysical results will, in
turn, be used to calibrate surface and seafloor seismic reflection and re-
fraction data, which will then have the potential to robustly estimate
hydrate distribution and concentration over large areas of the seafloor.

Horizon A is an ash-rich layer that serves as a fluid pathway transporting
methane and other hydrocarbons from the accretionary complex to the sum-
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mit of Hydrate Ridge. Determining the origin and significance of a strong
seismic reflection (Horizon A), which underlies the BSR and shallows
toward the southern summit of Hydrate Ridge, was an important objec-
tive of Leg 204. This reflection was crossed at Sites 1245, 1247, 1248,
and 1250. In the LWD data, it is characterized by a strong 2- to 4-m-
wide double-peaked low density and low-resistivity anomaly.

Cores at Sites 1245, 1248, and 1250 reveal several coarse-grained
layers at this depth. Microscopic analysis of these sediments reveals that
the sediment is composed primarily of relatively fresh glass shards indi-
cating volcanic ash. The number and thickness of the ash layers could
not be determined precisely because of core disruption during recovery,
which was probably due to high fluid content and possible overpres-
sure. Grain density is low, possibly because of vesicles within the glass
shards. The age and provenance of the ash will be determined post-
cruise.

Although the physical properties of Horizon A are remarkably similar
from site to site, interpretation of hydraulic properties from chemical
analysis of gases and IWs is more complicated. Increased lithium con-
centrations are clearly associated with this horizon, supporting the in-
terpretation that it is a conduit for fluids coming from greater depth.
However, no thermal anomaly is detected, placing an upper limit on
flow rate. Relatively high levels of heavier hydrocarbons are observed in
a 30- to 50-m-thick zone below the BSR at all sites, but the maximum
level of heavier hydrocarbons does not generally coincide with Horizon
A (Fig. F16). A qualitative explanation for these observations is that dif-
fusion away from Horizon A is superimposed on accumulation of C,,
gases beneath the BSR. Postcruise modeling is needed to quantitatively
test this hypothesis.

Massive hydrate lenses extend to a depth of ~30 mbsf near the summit of
southern Hydrate Ridge, and hydrate formation here is very rapid. Prior to
Leg 204, it was known that methane bubbles were venting from the
southern summit of Hydrate Ridge and that massive hydrate was
present at the seafloor; however, the rate of hydrate formation and the
depth to which massive hydrate is present were unknown. Seismic re-
flection data suggested that this zone extends to ~30 mbsf (Tréhu et al.,
2002) (Fig. F7). Electrical resistivity anomalies recorded in LWD data in-
dicate extremely high resistivities (approximately two orders of magni-
tude greater than observed at other sites) from O to 40 mbsf. The resis-
tivity is higher than at other sites logged during Leg 204 to a depth of
~70 mbsf.

In the upper 10-20 mbsf near the summit at Sites 1249 and 1250, in-
terstitial fluids are high in chloride, cores contain pervasive gas hydrate
veins and nodules, and pressure core samples indicate the presence of
massive hydrate. Moreover, core recovery from this interval was poor,
probably because of the presence of massive hydrate. Below 15-30
mbsf, high-chloride brines give way to the low-chloride anomalies char-
acteristic of dissociation of hydrate relative to background IWs. The
background pore fluids in this zone do not retain the signature of
hydrate-driven brine, presumably because of much slower rates of hy-
drate formation. At these depths, core recovery improved significantly.
Both of these observations indicate a change from a shallow zone in
which methane is provided through vigorous advection of water or gas
and hydrate forms rapidly to a zone in which methane flux and hydrate
formation rate are slower. Below ~20-30 mbsf, lenses of massive hydrate
containing significant pockets of free gas are not likely to form, al-
though gas hydrate and free gas in disseminated form may be present
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in relatively large concentrations. The cause of the very high resistivity
from 30 to 70 mbsf remains poorly understood and is a focus of post-
cruise research as is estimation of hydrate formation rate from the posi-
tive chloride concentration measurements.

Free gas is trapped in gas hydrates tens of meters beneath the seafloor at
the southern summit of Hydrate Ridge. Gamma density logging of a
HYACE FPC core from 14 mbsf at Site 1249 indicated the presence of
several layers of massive hydrate, one of which contained material with
very low density, indicating the presence of free gas. This is the first di-
rect evidence for free gas in the GHSZ, although the presence of free gas
had previously been hypothesized based on observations of gas bubbles
emanating from the seafloor (Suess et al., 2001; Torres et al., 2002;
Tréhu and Bangs, 2001; Heeschen et al., 2003). However, it is not clear
from the available data if free gas is present inside gas hydrate speci-
mens or within sediments. Modeling of elastic wave velocities and at-
tenuation should further constrain the presence and distribution of free
gas within the GHSZ.

Lithology can be a major factor influencing hydrate concentration. Inte-
grated analysis of Horizon B provides an excellent example of the po-
tential impact of lithology on hydrate distribution (see discussions in
“Site 1244,” p. 14, and “Site 1246,” p. 21). Detailed analysis of physi-
cal properties and IR thermal anomalies combined with lithologic de-
scription demonstrates that gas hydrates are concentrated in the coarse-
grained layers in this ash-rich turbidite section.

Ethane is enriched beneath the BSR. All sites show an abrupt decrease
in C,/C, at the BSR except for Site 1252 (where there is no BSR). This ef-
fect results from an increase in ethane rather than a decrease in meth-
ane. It is most evident at Sites 1244 and 1251, where this signal is not
obscured by additional effects of Horizon A. There are at least two possi-
ble mechanisms to explain this observation. In one model, the BSR
serves as a barrier to upward flow of ethane. In the other model, ethane
is preferentially incorporated into hydrate; dissociation of the hydrate
at a later time in response to tectonic uplift recycles ethane into the free
gas zone beneath the hydrate. Relative enrichment of ethane observed
in gases from several dissociated hydrate samples support the second
mechanism. Discontinuities at the BSR in several other chemical species
support the first mechanism. It is possible that both mechanisms oper-
ate simultaneously.

There is less free gas beneath the BSR at southern Hydrate Ridge than be-
neath northern Hydrate Ridge and the Blake Ridge. One of the more sur-
prising results of Leg 146 on north Hydrate Ridge and Leg 164 on the
Blake Ridge was the depth to which free gas is present beneath the BSR.
Seismic experiments at both of these sites indicated that free gas is
present in the sediments for several hundred meters below the BSR
(MacKay et al., 1994; Holbrook et al., 1996; Tréhu and Flueh, 2001). In
contrast, PCS measurements of gas concentration and seismic measure-
ments during Leg 204 indicate that free gas is present beneath the BSR
but only in thin layers.

The accretionary complex is permeable and is a source of freshwater,
which must be accounted for when estimating hydrate concentration from
chloride concentration anomalies. Data acquired during Leg 204 confirm
the interpretation that the boundary in the 3-D seismic reflection data
between stratified sediments and seismically incoherent material repre-
sents an unconformity between slope basin material and older indu-
rated and fractured sediments, presumably composing the accretionary
complex. In addition, IWs from sites on the eastern flank of Hydrate
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Ridge (Sites 1244, 1251, and 1252) show a decrease in chloride concen-
tration and an increase in lithium with depth, which indicates that
freshwater migrates from deeper in the accretionary complex where it
probably originates from dehydration of subducted oceanic crust and
sediment. The slope of the mixing curve between seawater and water
from this deep source changes at the top of the accretionary complex,
implying that the accretionary complex is more permeable than the
overlying deformed slope basin and that diffuse vertical migration of
fluids through this material is significant. Although this freshening ef-
fect has been documented previously from the Cascadia margin (Kast-
ner et al., 1995), implications for estimation of hydrate concentration
from salinity have not been fully appreciated. Leg 204 provides a sys-
tematic transect across the margin that can be integrated with struc-
tural information to constrain depth and volume of dewatering and the
mechanism of fluid expulsion.
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Figure F1. A. Tectonic setting of Hydrate Ridge in the accretionary complex of the Cascadia subduction
zone. The box shows region of (B). B. Bathymetric map of the Hydrate Ridge vicinity. The box shows loca-
tion of (C). Locations of ODP Site 892, seismic line L2-89 (shown in Fig. F2, p. 52), north Hydrate Ridge
(NHR), south Hydrate Ridge (SHR), and Southeast Knoll (SEK) are also shown. C. Detailed bathymetric map
of the region south of Hydrate Ridge. Leg 204 sites are shown along with their site numbers (e.g., Site 1244)
and precruise designation (e.g., proposed Site HR1a). Bathymetry from Clague et al. (2001).
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Figure F2. A. Schematic line drawing of the crustal structure across Hydrate Ridge based on depth-
converted migrated seismic reflection data (from Shipboard Scientific Party, 1994). Interpretation is based
on line 9 from the 1989 ODP site survey (MacKay et al., 1992), along which ODP Site 892 was located. On
the scale shown here, primary structural features are the same as those along line 2, which is shown in (B).
B. Line 2 from the 1989 ODP site survey showing primary structural features of the deformation front and

the location of data shown in Figure F5, p. 55. BSR = bottom-simulating reflector, ODP = Ocean Drilling
Program.
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Figure F3. A. Water temperature profiles from conductivity/temperature/depth recorder profiles of the wa-
ter column over southern Hydrate Ridge. The stability boundaries for (A) pure methane hydrate and (B) a
mixture of 97.5% methane and 2.5% hydrogen sulfide are shown, as are the water depths of Leg 204 sites.
B. Echo sounder records (12 kHz) from the Hydrate Ridge region showing bubbles in the water column

(Torres et al., 1999; Tréhu and Bangs, 2001).
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Figure F4. A. Carbonate sample from the top of the Pinnacle showing the porous nature of carbonates from
this environment. B. Sample of sediment from near the seafloor at southern Hydrate Ridge showing hy-
drate lenses parallel to bedding connected to hydrate veins perpendicular to bedding (Suess et al., 2002).
C. Landscape at southern Hydrate Ridge showing mounds covered by bacterial mats. A chemosynthetic
clam colony is seen in the right edge of this picture taken during an Alvin dive (Torres et al., 1999). D. II-
lustration of the complex biogeochemical relationships expected near the southern summit of Hydrate
Ridge (Bohrmann et al., 2002). BSR = bottom-simulating reflector.
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Figure F6. Panels above, center, and right show north-south-trending vertical slices from the 3-D seismic data volume (Tréhu and Bangs, 2001)
that extend from the western flank to the summit (see map above, left). Sites drilled during Leg 204 are shown. From left, lower panels are maps
of the depth of Horizon A beneath the bottom-simulating reflector (BSR) and the seafloor and of the amplitude of Horizon A. These maps show
that changes in the amplitude of Horizon A are correlated with the depth of Horizon A beneath the sea surface (pressure) rather than depth be-
neath the seafloor (primarily temperature), suggesting that the onset of very strong reflectivity may indicate the onset of gas exsolution within
Horizon A. Other labels as in Figure F5, p. 55. The length of the lines representing sites indicates maximum depth of penetration at that site, and
horizontal ticks are located 75 m apart.
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Figure F7. Seismic details near the summit of southern Hydrate Ridge in the vicinity of Sites 1248-1250.
Seafloor reflectivity is also shown in the center at the same distance scale (from Johnson et al., in press).
BSR = bottom-simulating reflector.
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Figure F8. East-west-trending vertical slices through the seismic data around Sites 1251 and 1252. The slice for Site 1252 overlaps and extends
through the slice shown in Figure FS. The slice for Site 1251 is offset to the south. Sites 1251 and 1252 are on the east and west flanks of anticline
B, respectively. This anticline appears to have been active throughout the depositional history of the slope basin on the east flank of Hydrate Ridge,
which included an unconformity (U) and two apparent massive debris flows (DF1 and DF2), which can be traced throughout the slope basin.
Reflection AC is an unconformity that marks the top of older (>1.6 Ma) indurated and fractured sediments of the accretionary complex. BSR =
bottom-simulating reflector.
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Figure F9. Examples of some of the characteristic lithologic features observed in cores from Leg 204.
A. Glauconite sands and turbidites. B. Debris flows. C. Volcanic ash and glass-rich horizons.
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Figure F10. Summary of biostratigraphic and lithologic observations. Seismic correlation of Horizons A, B,
B’, and Y and of unconformities (U) and the accretionary complex are also shown (see Figs. F5, p. 55, F6,
p- 56, F8, p. 58). See text for more detailed descriptions of the characteristics of each lithostratigraphic unit.
Note that Unit III along the north-south transect is not correlative with Unit III on the east-west transect.
Correlation between these two transects is tentative. A comparison between the age constraints shown here
and the geometric relationships shown in Figure F5, p. 55, suggests that Unit III at Site 1245 was deposited
very rapidly at the base of the continental slope (i.e., in the trench) and, thus, represents a recent addition
to the accretionary complex. Unit II was deposited in a very active tectonic environment on the lower slope
and varies laterally in both thickness and lithology. Thorough integration of the seismic, biostratigraphic,
and lithologic data is an ongoing postcruise project.
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Figure F11. Correlation between 3-D seismic data, density, and resistivity measured downhole by logging
while drilling (LWD), gamma density and magnetic susceptibility measured by MST on cores, and lithology
at Sites 1244 and 1246. Seismic data were converted to depth assuming a velocity of 1550 m/s above the
BSR and 1700 m/s below the BSR, as suggested by 3-D velocity tomography (Arsenault et al., 2001). VSPs
confirmed that the velocities from the tomography study are quite close to in situ velocities (Fig. F19,
p- 69). Seismic Horizon B corresponds to a double-peaked, high-density, high-magnetic susceptibility zone
and seismic Horizon B’ corresponds to a thick glass-rich turbidite. Lithologic observations indicate that
these anomalies result from ash-rich layers that contain a relatively high concentration of gas hydrate.
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Figure F12. Comparison of IR images and hydrate samples extracted from the core liner. Outer core liner
diameter in the IR images is 71.5 mm. Inner core diameter in the photographs is 66 mm. Mismatch between
IR anomaly depth and sample depth is because IR scans were taken prior to compressing and cutting core
sections.
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Figure F13. Relative borehole resistivity as imaged by LWD (golden/brown columns) compared to the presence of low-temperature anomalies in
recovered cores as imaged by IR camera scans (blue spikes). The resistivity data show a clockwise scan from of the borehole wall north. Light shades
represent higher resistivity. Horizontal bands are parallel to the strata, whereas S-shaped bands represent steeply dipping structures. IR anomalies
represent the difference between local and background temperature. Background temperature was determined by eye and can be affected by many
factors, including air temperature on the catwalk and coring method. Horizon A and the top of accretionary complex as defined by increased frac-
turing and variable density in the LWD data are shown. BSR = bottom-simulating reflector, RAB = resistivity at the bit.
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Figure F14. Comparison of the resistivity structure between Sites 1244 and 1248, showing the difference between a site where hydrate primarily fills
steeply dipping fractures and a site where hydrate is primarily found along bedding planes. RAB = resistivity at the bit, 3-D = three-dimensional.
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Figure F15. Chloride concentration values measured at all sites. In most cases, samples are spaced at ~5-m
intervals (two per core). A. Sites on the western flank of Hydrate Ridge. B. Sites on the eastern flank of Hy-
drate Ridge. C. Sites near the summit of Hydrate Ridge. Bottom-simulating reflector (BSR) depth at each site

is shown as a color-coded dashed line.
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Figure F16. C,/C, values measured at all sites from vacutainer samples. The same patterns are shown in
headspace samples, although absolute values of C,/C, are somewhat smaller. Samples are spaced at ~5-m
intervals (two per core). A. Sites on the western flank of Hydrate Ridge. B. Sites on the eastern flank of Hy-
drate Ridge. C. Sites near the summit of Hydrate Ridge. Bottom-simulating reflector (BSR) and Horizon A
depth at each site is shown as a color-coded dashed line.
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Figure F17. Methane concentrations determined from pressure core sampler (PCS) measurements. Approx-
imate phase boundaries are shown between fields where dissolved gas, gas hydrate, and free gas are predict-
ed to be present in the subsurface. Uncertainties (~30%) in the position of these boundaries are a result of
a number of factors, including variations in the subsurface thermal gradient, gas composition, and pore
fluid salinity. Although these boundaries give a first order view of where gas hydrate should be present,
data points that fall near boundaries should be interpreted with caution. More detailed analysis of the pre-
dicted stability fields for conditions measured during Leg 204 is the subject of postcruise research. Near the
summit, all PCS measurements from within the GHSZ indicate the presence of gas hydrate, with the highest
concentration near the seafloor. On the flanks and in the basin, hydrate presence within the stability zone
is intermittent and the highest concentration is just above the BSR.
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Figure F18. Density and resistivity at the bit (RAB) recorded through seismic Horizon A at Sites 1245 and
1247. These examples show the remarkable consistency in the signature of this horizon over distances of
several kilometers. RAB images are static normalized.
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Figure F19. A. Sulfate and methane concentration at Site 1245 showing the sulfate/methane interface
(SMI). B. Summary of sulfate measurements showing the SMI at all sites except for Sites 1248-1250, where
no sulfate was detected.
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Figure F20. A. Infrared (IR) thermal anomalies measured in two different holes at Site 1251. Note that a
major thermal anomaly in the 12 m above the bottom-simulating reflector (BSR) observed in Hole 1251D
was not observed in Hole 1251B because that interval was not recovered from Hole 1251B (perhaps because
of high hydrate concentration in situ). At this site, IR thermal anomalies are generally small and rare com-
pared to most other sites drilled during Leg 204. B. Comparison between chloride anomalies measured
from whole rounds and thermal anomalies for Hole 1251D. The IR data suggest two layers of high hydrate
concentration immediately above the BSR but do not provide a good constraint on the concentration of
hydrate within these layers. Chloride anomalies suggest a hydrate concentration of ~20% of pore space can-
not constrain the thickness of hydrate-bearing layers because of the small number of samples. Moreover,
at this site probable thin hydrate-bearing layers (based on IR and resistivity anomalies) were missed com-
pletely in the geochemical sampling. By calibrating the densely spaced geophysical data using the sparser
geochemical data, improved estimates of hydrate distribution and concentration will be obtained.
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Table T1. Depth to major seismic horizons.

Estimated depth

Confirmed or

Site,  Seismic prior to Leg 204  revised depth Basis for
hole  horizon (mbsf) (mbsf) revision
204-

1244 BSR 124 127-129 VSP, WSL

B 162 160 VSP

B’ 205 216-218 LWD, VSP
1245 Y 73

BSR 134

A 180
1246 B 59

B’ 97 96 LWD

BSR 114
1247A Y 60

BSR 121

A 162 162-165 LWD
12478 Y 62 65 VSP

BSR 124 129-134  LVD, VSP, WSL

A 158 150-160 VSP
1248 Y 46

BSR 115

A 128 127-129 LWD
1249 Y 53

BSR 115
1250 Y 42

BSR 112 114 LWD, VSP, WSL

A 150 148-152  LWD, VSP, WSL
1251 u 130

BSR 193
1252 u 95

BSR (170)

Notes: VSP = vertical seismic profile, LWD = electrical resistivity from
logging while drilling, WSL = wireline sonic log. The depth to
major seismic horizons is estimated from 3-D seismic reflection
data (Tréhu and Bangs, 2001; Tréhu et al., 2002) using velocities
from 3-D OBS tomography (Arsenault et al., 2001). Updates of
these estimates based on data acquired during Leg 204 are
given when available from shipboard results. The bottom-simu-
lating reflector (BSR) depth at Site 1252 is projected from nearby

BSR observations.
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Table T2. Leg 204 site summary.
Drilling Seafloor Number Cored Recovered Recovery Drilled Penetration __meon hole
order Site Hole Latitude Longitude (mbrf)  of cores (m) (m) (%) (m) (m) (hr) (days)
204-
1 HR1a 1244A  44°35.1701'N 125°7.1906'W  Missed 1 9.5 9.99 105.2 0.0 9.5 10.75 0.45
2 1244B  44°35.1702’'N  125°7.1917’W  906.9 6 541 56.85 105.1 0.0 541 11.75 0.49
3 1244C  44°35.1784'N 125°7.1902'W  906.0 39 332.0 315.87 95.1 1.5 333.5 64.75 2.70
4 1244D  44°35.1865’'N  125°7.1900W  906.0 0 0.0 0.00 NA 380.0 380.0 37.50 1.56
35 1244E  44°35.1709'N  125°7.1719'W  904.8 19 135.8 137.73 101.4 114.2 250.0 74.75 3.1
36 1244F  44°35.1691'N  125°7.1705’'W  907.4 4 24.1 24.90 103.3 0.0 0.0 5.00 0.21
Site 1244 totals: 69 555.5 545.34 98.2 495.7 10271 204.50 8.52
5 HR3a 1245A  44°35.1697'N  125°8.9462'W  886.5 0 0.0 0.00 NA 380.0 380.0 28.75 1.20
29 1245B  44°35.1587'N  125°8.9455'W  881.0 53 471.7 418.27 88.7 2.0 473.7 80.50 3.35
30 1245C  44°35.1702'N  125°8.9316'W  880.0 29 198.7 185.31 93.3 3.0 201.7 32.75 1.36
31 1245D 44°35.1690'N  125°8.9312’W  881.5 3 24.0 24.82 103.4 0.0 24.0 3.50 0.15
33 1245E  44°35.1702'N  125°8.9605'W  881.0 8 66.6 18.5 27.7 473.7 540.3 104.50 4.35
Site 1245 totals: 93 761.0 646.88 85.0 858.7 1619.7 250.00 10.42
6 HR1b 1246A  44°35.1642'N  125°8.1400'W  861.5 0 0.0 0.00 NA 180.0 180.0 18.25 0.76
32 1246B  44°35.1644’'N 125°8.1235'W  860.8 16 136.7 135.34 99.0 0.0 136.7 18.75 0.78
Site 1246 totals: 16 136.7 135.34 99.0 180.0 316.7 37.00 1.54
7 HR4c 1247A  44°34.6591'N  125°9.0096'W  845.0 0 0.0 0.00 NA 270.0 270.0 21.25 0.89
37 1247B  44°34.6589'N 125°9.0766'W  845.9 27.0 217.0 212.0 97.7 3.0 220.0 60.5 2.52
Site 1247 totals: 27 217.0 212.00 NA 273.0 490.0 81.75 3.41
8 HR6 1248A  44°34.4515'N 125°9.1548'W  843.0 0 0.0 0.00 NA 194.0 194.0 15.50 0.65
21 1248B  44°34.4568'N 125°9.1482’'W  841.0 3 17.0 7.45 43.8 0.0 17.0 10.75 0.45
22 1248C  44°34.45'N 125°9.1499'W  841.0 17 149.0 101.56 68.2 0.0 149.0 22.75 0.95
Site 1248 totals: 20 166.0 109.01 65.7 194.0 360.0 49.00 2.04
9 HR4b 1249A  44°34.2246'N  125°8.8423'W  788.5 0 0.0 0.00 NA 90.0 90.0 9.75 0.41
13 1249B  44°34.2106’'N 125°8.8412’W  788.5 8 45.0 14.01 311 29.9 74.9 28.00 117
14 1249C  44°34.2368'N 125°8.8410'W  788.5 14 88.5 58.84 66.5 1.5 90.0 22.25 0.93
26 1249D 44°34.2222'N 125°8.8366'W  788.5 3 16.5 4.78 29.0 2.0 18.5 5.25 0.22
27 1249E  44°34.2270'N 125°8.8369'W  788.5 3 9.0 4.38 48.7 2.0 11.0 4.75 0.20
28 1249F  44°34.2317'N 125°8.8377'W  788.5 16 82.5 57.37 69.5 7.5 90.0 22.75 0.95
39 1249G  44°34.2073'N  125°8.8416'W  788.5 5 43.0 11.24 26.1 0.0 43.0 9.00 0.38
40 1249H  44°34.2108'N 125°8.8365'W  788.5 6 52.5 27.52 52.4 0.0 52.5 8.50 0.35
41 12491 44°34.2111'N  125°8.8437’'W  788.5 4 33.6 8.69 25.9 0.0 33.6 6.00 0.25
42 1249 44°342114'N  125°8.8422'W  788.5 3 32,5 7.69 23.7 0.0 32,5 5.50 0.23
43 1249K  44°34.2137'N  125°8.8392'W  788.5 5 43.2 16.87 39.1 1.0 44.2 8.25 0.34
44 1249L 44°34.2119'N 125°8.8439'W  788.5 5 38.5 14.15 36.8 0.0 38.5 10.25 0.43
Site 1249 totals: 72 484.8 225.54 46.5 133.9 618.7 140.25 5.84
10 HR4a 1250A 44°34.1176'N  125°9.0179'W  807.0 0 0.0 0.00 NA 210.0 210.0 20.25 0.84
12 1250B  44°34.1174'N 125°8.9921'W  807.0 0 0.0 0.00 NA 180.0 180.0 19.50 0.81
23 1250C  44°34.1273'N  125°9.0178'W  807.0 19 143.0 117.29 82.0 2.0 145.0 28.50 1.19
24 1250D 44°34.1063'N 125°9.0182’W  807.0 19 142.0 133.56 94.1 3.0 145.0 26.00 1.08
25 1250E  44°34.1124’'N  125°9.0171'W  807.0 2 16.0 11.93 74.6 0.0 16.0 3.50 0.15
35 1250F  44°34.1166'N 125°9.0025'W  807.0 13 77.0 70.10 91.0 103.0 180.0 74.25 3.09
Site 1250 totals: 53 378.0 332.88 88.1 498.0 876.0 172.00 717
11 HR2alt  1251A  44°34.2197'N 125°4.4521'W  1228.0 0 0.0 0.00 NA 380.0 380.0 25.25 1.05
15 1251B  44°34.2191'N  125°4.4375'W  1224.4 53 4421 368.56 83.4 3.0 4451 86.25 3.59
16 1251C  44°34.2058'N 125°4.4366'W  1221.4 2 17.6 13.63 77 .4 0.0 17.6 4.50 0.19
17 1251D  44°34.2060'N 125°4.4365'W 1221.4 30 226.5 194.40 85.8 4.0 230.5 38.25 1.59
18 1251E  44°34.2126'N  125°4.4358'W  1220.0 1 9.5 9.89 104.1 0.0 9.5 1.75 0.07
19 1251F  44°34.2159'N  125°4.4369'W  1220.0 1 9.5 9.92 104.4 0.0 9.5 0.25 0.01
20 1251G  44°34.2145'N  125°4.4364'W  1220.0 2 10.5 11.11 105.8 10.5 21.0 4.25 0.18
34 1251H  44°34.2089'N  125°4.4514'W  1220.0 0 0.0 0.00 NA 445.0 445.0 63.8 2.66
Site 1251 totals: 89 715.7 607.51 84.9 842.5 1558.2 224.25 9.34
45 HR5 1252A  44°35.1671'N 125°5.5691'W  1051.0 28 259.8 253.79 97.7 0.0 259.8 51.00 2.13
Site 1252 totals: 28 259.8 253.79 97.7 0.0 259.8 51.00 213
Totals: 467 3674.5 3068.29 83.5 3475.8 7126.2  1209.75 50.41

Note: NA = not applicable.
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Table T3. Leg 204 coring summary. (See table note. Continued on next page.)

Advanced piston corer Extended core barrel Pressure core sampler Rotary core barrel
Drilling Number Cored Recovered Number Cored Recovered Number Cored Recovered Number Cored Recovered
order Hole  of cores (m) (m) of cores  (m) (m) of cores  (m) (m) of cores  (m) (m)
204-
1 1244A 1 9.5 9.99 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
2 1244B 6 54.1 56.85 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
3 1244C 15 138.5 138.76 21 190.5 173.85 3 3.0 3.26 0 0.0 0.00
4 1244D 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
35 1244E 14 130.8 133.81 0 0.0 0.00 4 4.0 3.00 0 0.0 0.00
36 1244F 3 23.1 23.90 0 0.0 0.00 1 1.0 1.00 0 0.0 0.00
Site 1244 totals: 39 356.0 363.31 21 190.5 173.85 8 8.0 7.26 0 0.0 0.00
5 1245A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
29 1245B 14 127.8 122.14 36 340.9 293.75 2 2.0 2.00 0 0.0 0.00
30 1245C 16 134.6 127.54 7 58.1 53.52 3 3.0 3.00 0 0.0 0.00
31 1245D 3 24.0 24.82 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
33 1245E 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 8 66.6 18.48
Site 1245 totals: 33 286.4 274.50 43 399.0 347.27 5 5.0 5.00 8 66.6 18.48
6 1246A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
32 1246B 16 136.7 135.34 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
Site 1246 totals: 16 136.7 135.34 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
7 1247A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
37 12478 13 111.6 114.99 11 102.4 94.01 3 3.0 3.00 0 0.0 0.00
Site 1246 totals: 13 111.6 114.99 11 102.4 94.01 3 3.0 3.00 0 0.0 0.00
8 1248A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
21 1248B 3 17.0 7.45 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
22 1248C 11 94.0 84.00 6 55.0 17.56 0 0.0 0.00 0 0.0 0.00
Site 1248 totals: 14 111.0 91.45 6 55.0 17.56 0 0.0 0.00 0 0.0 0.00
9 1249A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
13 1249B 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
14 1249C 1 85.5 55.84 0 0.0 0.00 3 3.0 3.00 0 0.0 0.00
26 1249D 2 15.5 3.98 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
27 1249E 2 8.0 3.38 0 0.0 0.00 1 1.0 1.00 0 0.0 0.00
28 1249F 10 73.1 51.38 1 4.4 1.28 3 3.0 3.00 0 0.0 0.00
39 1249G 3 28.5 7.13 1 13.5 3.36 0 0.0 0.00 0 0.0 0.00
40 1249H 4 38.0 25.07 1 13.5 1.70 0 0.0 0.00 0 0.0 0.00
41 12491 3 20.1 8.29 1 13.5 0.40 0 0.0 0.00 0 0.0 0.00
42 1249) 2 19.0 7.69 1 13.5 0.00 0 0.0 0.00 0 0.0 0.00
43 1249K 4 29.7 16.05 1 13.5 0.82 0 0.0 0.00 0 0.0 0.00
44 1249L 2 19.0 7.15 2 18.5 6.65 0 0.0 0.00 0 0.0 0.00
Site 1249 totals: 43 336.4 185.96 8 90.4 14.21 7 7 7 0 0 0
10 1250A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
12 1250B 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
23 1250C 15 133.5 104.80 1 6.5 9.60 2 2.0 2.00 0 0.0 0.00
24 1250D 12 111.0 103.95 3 27.0 26.33 3 3.0 3.00 0 0.0 0.00
25 1250E 2 16.0 11.93 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
38 1250F 3 19.8 17.47 7 54.2 49.63 3 3.0 3.00 0 0.0 0.00
Site 1250 totals: 32 280.3 238.15 11 87.7 85.56 8 8.0 8.00 0 0.0 0.00
11 1251A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
15 1251B 21 189.6 152.86 26 246.5 210.90 3 3.0 3.00 0 0.0 0.00
16 1251C 1 8.1 8.18 1 9.5 5.45 0 0.0 0.00 0 0.0 0.00
17 1251D 15 142.5 132.49 9 78.0 56.82 4 4.0 4.00 0 0.0 0.00
18 1251E 1 9.5 9.89 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
19 1251F 1 9.5 9.92 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
20 1251G 1 9.5 10.11 0 0.0 0.00 1 1.0 1.00 0 0.0 0.00
34 1251H 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00
Site 1251 totals: 40 368.7 323.45 36 334 273.17 8 8 8 0 0 0
45 1252A 14 125.0 134.10 14 134.8 119.69 0 0.0 0.00 0 0.0 0.00
Site 1252 totals: 14 125.0 134.10 14 134.8 119.69 0 0.0 0.00 0 0.0 0.00
Totals: 244 2112.1  1861.25 150 1393.8 1125.32 39 39.0 38.26 8 66.6 18.48
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Table T3 (continued).

74

Fugro Pressure Corer

Hyacinth Rotary Corer

Logging while coring

Leg 204 coring statistics

Drilling Number Cored Recovered Number Cored Recovered Number Cored Recovered Number Cored Recovered Recovered
order Hole ofcores (m) (m) of cores  (m) (m) of cores  (m) (m) of cores  (m) (m) (%)
204-
1 1244A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 1 9.5 9.99 105.2
2 12448 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 6 54.1 56.85 105.1
3 1244C 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 39 332.0 315.87 95.1
4 1244D 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 NA
35 1244E 1 1.0 0.92 0 0.0 0.00 0 0.0 0.00 19 135.8 137.73 101.4
36 1244F 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 4 241 24.90 103.3
1244 totals: 1 1.0 0.92 0 0.0 0.00 0 0.0 0.00 69 555.5  545.34 98.2
5 1245A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 NA
29 12458 0 0.0 0.00 1 1.0 0.38 0 0.0 0.00 53 471.7  418.27 88.7
30 1245C 2 2.0 1.05 1 1.0 0.20 0 0.0 0.00 29 198.7 185.31 933
31 1245D 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 3 24.0 24.82 103.4
33 1245E 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 8 66.6 18.48 27.7
1245 totals: 2 2.0 1.05 2 2.0 0.58 0 0.0 0.00 93 761.0  646.88 85.0
6 1246A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 NA
32 12468 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 16 136.7 135.34 99.0
1246 totals: 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 16 136.7 135.34 99.0
7 1247A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 NA
37 12478 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 27 217.0  212.00 97.7
1246 totals: 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 27 217.0  212.00 97.7
8 1248A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 NA
21 12488 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 3 17.0 7.45 43.8
22 1248C 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 17 149.0 101.56 68.2
1248 totals: 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 20 166.0 109.01 65.7
9 1249A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 NA
13 12498 0 0.0 0.00 0 0.0 0.00 8 45.0 14.01 8 45.0 14.01 31.1
14 1249C 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 14 88.5 58.84 66.5
26 1249D 1 1.0 0.80 0 0.0 0.00 0 0.0 0.00 3 16.5 4.78 29.0
27 1249E 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 3 9.0 4.38 48.7
28 1249F 1 1.0 0.91 1 1.0 0.80 0 0.0 0.00 16 82.5 57.37 69.5
39 1249G 0 0.0 0.00 1 1.0 0.75 0 0.0 0.00 5 43 11.24 26.1
40 1249H 1 1.0 0.75 0 0.0 0.00 0 0.0 0.00 6 52.5 27.52 52.4
41 12491 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 4 33.6 8.69 259
42 1249) 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 3 32.5 7.69 23.7
43 1249K 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 5 43.2 16.87 39.1
44 1249L 0 0.0 0.00 1 1.0 0.35 0 0.0 0.00 5 38.5 14.15 36.8
1249 totals: 3 3 2.46 3 3 1.9 8 45 14.01 72 484.8  225.54 46.5
10 1250A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 NA
12 12508 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 NA
23 1250C 1 1.0 0.89 0 0.0 0.00 0 0.0 0.00 19 143 117.29 82.0
24 1250D 0 0.0 0.00 1 1.0 0.28 0 0.0 0.00 19 142.0 133.56 94.1
25 1250E 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 2 16.0 11.93 74.6
38 1250F 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 13 77.0 70.10 91.0
1250 totals: 1 1.0 0.89 1 1.0 0.28 0 0.0 0.00 53 378.0 332.88 88.1
11 1251A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 NA
15 1251B 2 2.0 1.80 1 1.0 0.00 0 0.0 0.00 53 4421 368.56 83.4
16 1251C 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 2 17.6 13.63 77.4
17 1251D 1 1.0 0.87 1 1.0 0.22 0 0.0 0.00 30 226.5 194.4 85.8
18 1251E 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 1 9.5 9.89 104.1
19 1251F 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 1 9.5 9.92 104.4
20 1251G 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 2 10.5 11.11 105.8
34 1251H 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 NA
1251 totals: 3 3 2.67 2 2 0.22 0 0 0 89 715.7  607.51 84.9
45 1252A 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 28 259.8  253.79 97.7
1252 totals: 0 0.0 0.00 0 0.0 0.00 0 0.0 0.00 28 259.8  253.79 97.7
Totals: 10 10.0 7.99 8 8.0 2.98 8 45.0 14.01 467 3674.5 3068.29 83.5

Note: NA = not applicable.
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Table T4. Leg 204 operations summary.

Cored Depth PET Number of times deployed HYACINTH tools
Proposed Drill or Seafloor  Hole Wpaks TAMU APCM/  Number of Number of
site Hole  order LWD (mbrf)  (mbsf) F/MBIO DSA  PCS DVTP  DVTPP  APCT PCS FPC HRC
204-
HR1a 1244A 1 APC None 10.0 0 0 0 0 0 0 0 0 0
HR1a 12448 2 APC 906.9 54.1 0 1 0 0 0 1 0 0 0
HR1a 1244C 3 APC/XCB 906.0 333.5 3 3 3 0 2 3 0 0 0
HR1a 1244D 4 LWD 906.0  380.0 0 0 0 0 0 0 0 0 0
HR3a 1245A 5 LWD 886.5  380.0 0 0 0 0 0 0 0 0 0
HR1b 1246A 6 LWD 861.5 180.0 0 0 0 0 0 0 0 0 0
HR4c 1247A 7 LWD 845.0  270.0 0 0 0 0 0 0 0 0 0
HR6 1248A 8 LWD 843.0 194.0 0 0 0 0 0 0 0 0 0
HR4b 1249A 9 LWD 788.5 90.0 0 0 0 0 0 0 0 0 0
HR4a 1250A 10 LWD-1 807.0  210.0 0 0 0 0 0 0 0 0 0
HR2alt  1251A 11 LWD 1228.0 380.0 0 0 0 0 0 0 0 0 0
HR4a 12508 12 LWD-2 807.0 180.0 0 0 0 0 0 0 0 0 0
HR4b 12498 13 RAB-8 788.5 74.9 0 0 0 0 0 0 0 0 0
HR4b 1249C 14 APC 788.5 90.0 0 0 3 0 1 0 4 0 0
HR2alt  1251B 15 APC/XCB  1224.4  445.1 6 3 3 0 2 4 3 2 1
HR2alt  1251C 16 APC/XCB  1221.4 17.6 0 0 0 0 0 0 0 0 0
HR2alt  1251D 17 APC/XCB  1221.4  230.5 13 2 4 0 2 1 14 1 1
HR2alt  1251E 18 APC only 1220.0 8.1 1 0 0 0 0 0 0 0 0
HR2alt  1251F 19 APC only 1220.0 8.1 0 0 0 0 0 0 0 0 0
HR2alt  1251G 20 APC 1220.0 21.0 0 0 1 0 0 0 1 0 0
HR6 12488 21 APC/XCB 841.0 16.0 0 0 0 0 0 1 0 0 0
HR7 1248C 22 APC/XCB 841.0 149.0 0 0 0 1 2 2 0 0 0
HR4a 1250C 23 APC/XCB 807.0 145.0 0 1 2 0 2 5 2 1 0
HR4a 12500 24 APC/XCB 807.0 145.0 10 1 3 0 2 4 15 0 1
HR4a 1250E 25 APC 807.0 16.0 2 0 0 0 0 0 0 0 0
HR4b 1249D 26 APC 788.5 18.5 1 1 0 0 0 0 0 1 0
HR4b 1249E 27 APC 0.0 18.5 1 0 1 0 0 0 1 0 0
HR4b 1249F 28 APC 788.5 90.0 1 2 2 0 1 5 3 1 1
HR3a 12458 29 APC/XCB 881.0 473.6 7 1 3 3 0 5 2 0 1
HR3a 1245C 30 APC/XCB 880.0  201.7 12 3 3 0 0 5 15 2 1
HR3a 1245D 31 APC 881.5 24.0 3 0 0 0 0 0 0 0 0
HR1b 12468 32 APC 860.8  136.7 0 0 0 0 0 5 0 0 0
HR3a 1245E 33 RCB 881.0 5403 0 0 0 0 0 0 0 0 0
HR2alt  125TH 34 Tricone 1220.0  445.0 0 0 0 0 0 0 0 0 0
HR1a 1244E 35 APC/XCB 904.8  250.0 12 1 4 0 2 6 16 1 0
HR1a 1244F 36 APC/PCS 907.4 241 3 0 1 0 0 0 1 0 0
HR4c 12478 37 APC/XCB 8459  220.0 0 0 3 2 0 6 16 0 0
HR4a 1250F 38 XCB ctrbit 807.0 180.0 0 0 3 2 0 0 3 0 0
HR4b 1249G 39 APC/XCB 788.5 43.0 0 1 0 0 0 1 0 0 1
HR4b 1249H 40 APC/XCB 788.5 52.5 0 3 0 0 0 0 0 1 0
HR4b 12491 41 APC/XCB 788.5 33.6 0 0 0 0 0 0 0 0 0
HR4b 1249) 42 APC/XCB 788.5 32.5 0 0 0 0 0 0 0 0 0
HR4b 1249K 43 APC/XCB 788.5 44.2 0 3 0 0 0 0 0 0 0
HR4b 1249L 44 APC/XCB 788.5 38.5 0 2 0 0 0 1 0 0 1
HR5a 1252A 45 APC/XCB  1051.0 259.8 0 0 0 0 0 6 14 0 0
Total number of special tool deployments: 85 28 39 8 16 61 110 10 8
Total number of “successful” deployments: 85 17? 30 8 16 61 107 2 4

Notes: LWD = logging while drilling, PFT = perfluorocarbon tracer, Wpaks = Whirl Paks, MBIO = microbiology, PCS = pressure core sampler,
DVTP = Davis-Villinger Temperature Probe, DVTPP = Davis-Villinger Temperature-Pressure Probe, APCT = advanced piston corer temper-
ature tool, APCM = advanced piston corer methane tool, FPC = Fugro Pressure Corer, HRC = HYACE Rotary Corer. APC = advanced piston
corer, XCB = extended core barrel, RAB = resistivity at the bit, ctr bit = center bit.
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