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ABSTRACT
Ocean Drilling Program (ODP) Leg 146 was directed at aspects of two related problems: (1) the role of sediment consolidation
and fluid expulsion in the development of subduction zone accretionary prisms and (2) the nature and origin of bottom-simulating
reflectors (BSR) interpreted to be generated by high-velocity methane hydrate and underlying low-velocity free gas. The portion
of the leg assigned to drilling off Vancouver Island addressed diffuse fluid expulsion from the prism not associated with obvious
faults or other structures, and the structure and composition of the hydrate. The two objectives are related through the possibility
that fluid expulsion is required for the formation of the hydrate that forms BSRs. This article describes the regional geological
framework and tectonics of the northern Cascadia Margin at Vancouver Island, presents regional survey data in the area of the
ODP sites, and summarizes the scientific studies that led to the drilling objectives. An extensive reference list is given to assist
the reader in obtaining more detailed information.

INTRODUCTION
The southern Vancouver Island margin in the area of Sites 888,
889, and 890 has been the focus of comprehensive marine geological
and geophysical surveys (see Davis and Hyndman, 1989; Hyndman
et al., 1990) complemented by adjacent onshore studies through the
LITHOPROBE program (e.g., Clowes, Brandon, et al., 1987; Yorath,
in press), allowing the construction of a continuous onshore-offshore
structural cross-section. The more recent detailed surveys were directed at providing supporting data for the primary Cascadia ODP
drilling objectives, including (1) elucidation of the role of sediment
consolidation and fluid expulsion in the development of the accretionary wedge and (2) the origin of bottom-simulating reflectors
(BSRs) interpreted to be generated by high-velocity methane hydrate
"ice" and underlying concentrations of free gas. A supplementary
objective was to obtain data that would help constrain the location of
the "locked" portion of the décollement on which great subduction
thrust earthquakes may occur.

Present Plate Tectonic Regime
Most of the continental margin of western North America lies
along the right-lateral transform boundary between the Pacific and
North America plates. The San Andreas fault system extends from the
Gulf of California to Cape Mendocino in northern California, and the
Queen Charlotte fault system extends from just north of Vancouver
Island to the Aleutian Trench of Alaska (Fig. 1). Along the intervening
margin of northern California, Oregon, Washington, and southern
British Columbia, subduction of the Juan de Fuca Plate takes place in
the Cascadia subduction zone. The Juan de Fuca Plate is the remnant
of the large Farallon Plate that has fragmented and diminished in size
as a result of the convergence of the East Pacific Rise spreading center
and the North American continent, and the northward movement of
the southern (Mendocino) triple junction (Atwater, 1970). The northern triple junction appears to have remained stable off northern Vancouver Island since the Eocene (e.g., Riddihough, 1984; Stock and
Molnar, 1988; Engebretson et al., 1984, 1985; Atwater, 1989; Hynd-
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Figure 1. Large-scale plate regime of the Cascadia Margin. The box includes
the northern drilling area and marks the area of Figures 4 and 8. The dashed
line indicates the location of the seismicity, thermal, seismic reflection, and
structure profiles of Figures 2, 3, 6, 7, and 18.

man and Hamilton, 1993). The present plate configuration had its
origin in a major reorganization of the northeast Pacific Plate regime
in the Eocene at about 43 Ma.
The Juan de Fuca Plate system is complex, but the present plate
regime has been delineated through analyses of detailed magnetic
anomaly surveys and other studies. Several subplates (Explorer,
Winona Block) exist to the north of the Nootka transform fault that
meets the coast off north central Vancouver Island (Carbotte et al.,
1989; Hyndman et al., 1979); off southern Oregon and northern California the southern portion of the Juan de Fuca Plate is deforming and
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fracturing (Wilson, 1989). In the intervening region, however, the
main portion of the Juan de Fuca Plate has been converging toward
the northeast and underthrusting the continent since the Eocene. The
present rate of convergence increases slightly northward and is about
45 mm/yr off southern Vancouver Island; the direction is approximately orthogonal to the margin off southern Vancouver Island and
about 20° from orthogonal off Washington and Oregon (Riddihough,
1984; Nishimura et al., 1984; DeMets et al., 1990). The North America Plate has been advancing westward over the asthenosphere and
overriding the Pacific Plate at a rate of about 20 mm/yr for at least the
past 10 m.y. and probably at a similar rate throughout the Cenozoic
(e.g., Riddihough, 1984; Pollitz, 1988), resulting in a relatively shallow angle of subduction.
The modern Juan de Fuca Plate convergence and underthrusting
is evident in most of the common characteristics of subduction zones.
These include (1) a series of active volcanoes extending from northern
California to southern British Columbia (e.g., Wells et al., 1984) (Fig.
1); (2) extensive seismicity (although there have been no historical
subduction thrust events) (e.g., Crosson and Owens, 1987; Rogers,
1983) (Fig. 2); (3) the characteristic pattern of low heat flow in the
forearc inland from the margin, with an abrupt increase just seaward
of the volcanic arc (Lewis et al., 1988, 1991; Blackwell, 1991) (Fig.
3); (4) the characteristic low-high gravity couple represented by low
values over the outer margin (trench) and high values over the edge
of the continent (e.g., Riddihough, 1979) (Fig. 4); and (5) an extensive
accretionary sedimentary prism (discussed below). General reviews
on the plate regime of the Vancouver Island margin have been given
by Keen and Hyndman (1979) and Riddihough and Hyndman (1991).

Cenozoic Tectonic History and Development
of the Vancouver Island Margin
Along the central portion of the Cascadia Margin, convergence has
been continuous and approximately orthogonal to the margin since the
Eocene (Engebretson et al., 1985; Wilson, 1988) (Fig. 5). Along the
Queen Charlotte margin, the major plate regime reorganization in the
Pacific at about 43 Ma probably resulted in a change from convergent
to strike-slip motion (e.g., Hyndman and Hamilton, 1993). The older
Vancouver Island margin may have been truncated and translated to
the north just before or at this time (Johnson, 1984; Wells et al., 1984).
This also is the time of emplacement of two narrow terranes against
the Cascadia Margin, the Eocene marine volcanic Crescent Terrane

(and its equivalents to the south), and the Mesozoic marine sedimentary Pacific Rim Terrane. Both terranes outcrop on southernmost Vancouver Island near Victoria. The Crescent Terrane also outcrops to the
south on the Olympic Peninsula and has been sampled by hydrocarbon exploration wells beneath the Vancouver Island shelf (Shouldice,
1971, 1973). This terrane may be a sliver of marginal basin or oceanic
plateau crust that first underthrust the continent and in turn was underthrust by the Juan de Fuca Plate (e.g., Massey, 1986; Hyndman et al.,
1990). A narrow sediment-filled trough, landward and above the Crescent Terrane, may be a "fossil trench" marking the earlier axis of
underthrusting (Figs. 6-7). The Crescent Terrane provides the landward-dipping "backstop" to the accretionary wedge that has accumulated since the Eocene (Hyndman et al., 1990). The Tofino Basin,
containing up to 4 km of Eocene to Holocene sediments, overlies the
accretionary wedge and the two accreted terranes beneath the continental shelf off southern Vancouver Island (Figs. 6-8) (Tiffin et al.,
1972; MacLeod et al., 1977; Shouldice, 1971, 1973; Yorath, 1980,
1987; Hyndman et al., 1990; Langton, 1993). The structure of the two
terranes and the accretionary prism have been well defined by marine
and land multichannel seismic and magnetic and gravity data (e.g.,
Hyndman et al., 1990; Dehler, 1992); a structural cross-section is
shown in Figure 7 and a plan view in Figure 8. Mass balance calculations (Davis and Hyndman, 1989; Hyndman et al., 1990) indicate
that the volume of the accretionary sedimentary prism is approximately equal to the estimated volume of sediments brought in on the Juan
de Fuca Plate since the Eocene. Although the calculation has an uncertainty of about a factor of 2, this result is consistent with the supposition that since the Eocene, much if not most of the incoming sediment has been scraped off the oceanic plate rather than subducted.
This is in contrast to many subduction zones where the décollement
just landward of the deformation front lies within the sedimentary section, well above the oceanic crust, and substantial amounts of sediment
are subducted to greater depths (e.g., von Huene and Scholl, 1991).

STRUCTURE OF THE
ACCRETIONARY SEDIMENTARY PRISM
Multichannel Seismic Reflection Data
In 1985, widely spaced marine multichannel reflection lines were
recorded across the continental shelf and slope off Vancouver Island
as part of the Frontier Geoscience Program of the Geological Survey
of Canada. As part of the site surveys for ODP, 722 km of new multi-
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Figure 2. Seismicity cross-section across the southern Vancouver Island margin from the deformation front to just seaward of the volcanic arc (after Dragert
et al., in press) (location on Fig. 1).
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Figure 3. Large-scale heat-flow cross-section and crustal temperatures across the northern Cascadia subduction zone from the shelf edge to the volcanic arc
(modified from Lewis et al, 1988) (location on Fig. 1). The accretionary prism heat flow and temperatures are given in Figures 17-19.

channel data were collected in 1989 (Fig. 9). Four of the lines crossed
the continental shelf to obtain regional structure; the shots from these
lines also were recorded at several sites on land to provide deep velocity
information. Two grids of lines were recorded across the deformation
front region. With the previous surveys this provided three lines at approximately 3 km spacing and two crossing strike lines in the northern
area (Sites 889 and 890) (Fig. 9) and four lines at 3 km, also with two
crossing strike lines, in the southern area (Site 888).
The 1985 survey (Yorath et al., 1987; Clowes, Yorath, and Hyndman, 1987; Davis and Hyndman, 1989) was conducted and processed
to final migration by Geophoto Limited of Calgary (GSI Inc.). A 50
element air-gun array with a total volume of 98 L (6110 in.3), tuned to
concentrate energy at frequencies below 50 Hz, was fired every 50 m.
The signals were received by a 3000-m-long, 120-channel streamer
that yielded 30-fold data recorded to 16 s.
The 1989 survey was conducted by Digicon (Canada) Ltd. and
initially processed by Geophoto Ltd. (Haliburton Geophysical Services Ltd.). The survey design was a compromise between the optimum
parameters for resolving the shallow and deep structures (Spence,
Hyndman, Davis, et al., 1991; Spence, Hyndman, Langton, et al.,
1991). The source was a tuned air-gun array consisting of four strings
of ten guns each (three active strings and one spare) with a total
volume of 125 L (7800 in.3). The data were recorded to 14 s on a
3600-m-long, 144-channel streamer with maximum offset of 3757 m.
Shots were fired at 50-m intervals giving 36-fold data. The seismic
sections from the 1989 survey that passed through the Leg 146 drill
sites (lines 89-04, 89-08, and 89-10) are presented in Figure 10 and
large-scale versions are contained in the back pocket; their locations
are shown in Figure 9.
Processing of the 1989 data by Geophoto Ltd. included (1) application of exponential gain and spherical divergence corrections; (2) f-k
velocity filtering to suppress backscatter energy; (3) shot-domain source
wavelet deconvolution; and (4) f-k demultiple. Subsequent processing
at the University of Victoria focused on the detailed determination

of stacking velocities, for which semblance analyses were performed
every 10-20 common depth points (CDP) (125-250 m). A dip-moveout (DMO) process was applied to properly account for reflector dip,
especially in regions where there were conflicting dips between stratigraphic interfaces and more steeply dipping fault plane interfaces.
After application of the DMO, all velocities were picked again, and
the data were stacked, deconvolved for water bottom multiple attenuation, and migrated with a finite difference algorithm.
Special processing was also applied by Geophoto Ltd. to 16 km
of data along four lines, including line 89-10 (Fig. 9), with the intent
of carefully preserving amplitudes for subsequent analyses of amplitude vs. offset (AVO). As discussed by Hyndman and Spence (1992),
processing included (1) predeconvolution mute; (2) zero-phase source
wavelet deconvolution in the shot domain; (3) spherical divergence
spreading loss correction; (no inelastic attenuation correction applied);
and (4) velocity analysis.

Structure of the Accretionary Prism
The northern Cascadia accretionary sedimentary prism is bounded
at its base by the underthrusting oceanic crust and on its landward side
by the landward-dipping Crescent Terrane. The prism is overlain by
the Tofino forearc basin. The oceanic crust is well imaged by marine
and land multichannel seismic (MCS) data from beneath the ocean
basin to a depth of 40 km beneath Vancouver Island (Hyndman et al.,
1990) (Figs. 6-7). The reflection depths are in good agreement with
seismic refraction models (Spence et al., 1985; Drew and Clowes,
1990) and Benioff-Wadati seismicity (Crosson and Owens, 1987;
Rogers, 1983; Dragert et al., in press) (Fig. 2). The incoming Juan de
Fuca Plate surface is unusually smooth with very few seamounts
(Davis and Karsten, 1986), and the seismically imaged top of the oceanic crust beneath the accretionary wedge also is smooth. Off southern
Vancouver Island, the dip of the oceanic crust increases from 3° to 4°
just seaward of the deformation front to 10° under the edge of the shelf

401

R.D. HYNDMAN, G.D. SPENCE, T. YUAN, E.E. DAVIS

Figure 4. A. Contour magnetic anomaly map of the southern Vancouver Island margin. The contour interval is 50 gammas (1 gamma = 1 nT).
B. Contour gravity map of the southern Vancouver Island margin, with Bouguer onshore and Free Air offshore. The contour interval is 5 mgal
(1 mgal = 10-5m/s).

and thence to 15° beneath the coast (Fig. 7). The dip is substantially
less beneath the Olympic Peninsula margin to the south (e.g., Davis
and Hyndman, 1989). The Crescent Terrane, located beneath the
coastal region of Vancouver Island (Figs. 6-8), acts as the landwarddipping backstop against which the sediments are scraped off the incoming Juan de Fuca Plate. On the 1989 Tofino Basin seismic data, the
base of the Crescent Terrane can be traced down to near the top of the
subducting oceanic plate (Spence, Hyndman, Davis, et al., 1991;
Langton, 1993).
The accretionary prism sediments do not crop out on the Vancouver Island margin and the exploratory wells on the shelf penetrated
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only the overlying Tofino Basin sediments. However, to the south,
late Eocene and younger Core rocks exposed below and seaward of
the Crescent Terrane volcanics on the Olympic Peninsula (Fig. 8)
probably represent the older components of this accretionary prism
(e.g., Tabor and Cady, 1978; Snavely, 1987).
The frontal portion of the accretionary prism off southern Vancouver Island has been well surveyed by multichannel seismic reflection,
acoustic imagery, and swath bathymetry, revealing its surface morphology, cross-sectional geometry, and deformation style (e.g., Davis
and Seemann, 1981; Clowes, Yorath, and Hyndman, 1987; Davis and
Hyndman, 1989; Spence, Hyndman, Davis, et al., 1991; Spence,
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Figure 5. Cenozoic plate directions and speeds across the northern Cascadia
Margin (from Engebretson et al., 1985). The Kula Plate was probably offshore
before 43 Ma.

Hyndman,Langton,etal., 1991; Davis et al., 1986,1987,1990)(Figs.
11A-11B). A compilation of the MCS cross-sections is shown in
Figure 12. Extensive studies of the deformation front region also have
been conducted on the adjacent margin off Washington (e.g., Carson
et al., 1974; Carson, 1977; Cochrane et al., 1988). The incoming 2.5to 3-km-thick sediment section consists of an upper 1.5-2 km of
acoustically layered turbidite sediments overlying a section of more
transparent sediments. The latter are interpreted to be pre-Pleistocene
hemipelagic sediments deposited on the flanks of the Juan de Fuca
Ridge (e.g., Hayes and Ewing, 1970; Davis andHyndman, 1989). The
upper part of the section was sampled to the south and to the north of
the southern Vancouver Island margin by Deep Sea Drilling Project
(DSDP) Leg 18 (Kulm, von Huene, et al., 1973, pp. 97-212). No
significant bathymetric trench is present adjacent to the Cascadia
accretionary prism. The oceanic crust dips gently landward toward
the deformation front, with a corresponding thickening of the incoming sediment section. The maximum water depths are only about 2500
m as a consequence of the young age (5-7 Ma) of the oceanic
lithosphere at the deformation front and the thick sediment section.
At the deformation front, sediments of the Cascadia Basin are
folded and faulted into elongate anticlinal ridges that stand as much
as 700 m above the adjacent abyssal seafloor (Figs. 11 A-l IB and 12)
(e.g., Davis and Hyndman, 1989). As seen in the acoustic images and
bathymetric data (Figs. 11 A-l IB), individual ridges are typically
20-30 km in length, a few kilometers in width, and, in many cases,
arcuate in plan. Although the structures generally strike parallel to the
margin, locally the trends diverge by as much as 30°. The structure
of the individual ridges is generally continuous along strike, with the
amount of shortening decreasing from their centers toward their
plunging ends (Rohr, 1987). Anticlines are commonly asymmetric
with their steep sides facing seaward. In the northern of the Vancouver
Island margin drilling areas (Sites 889 and 890; MCS lines 85-02,
89-07, and 89-08), a single frontal anticline has grown to a height of
over 700 m above the basin floor. The internal structure of the anticline is not well imaged, but it is evident that it developed over a thrust
ramp extending down to near the top of the oceanic crust. Subhorizontal basin sediments can be traced laterally some 4 km beneath the
deformed hanging-wall material; evidence also exists for backtilting
of weak reflectors in the hanging wall, landward of the anticline
(Davis and Hyndman, 1989).
In the southern of the Vancouver Island drilling areas (Site 888;
MCS lines 85-01, 89-03, 89-04, and 89-05), clearly imaged thrust
faults penetrate the basin section. Three large offset faults are spaced
about 5 km apart. Proto-thrusts with small offsets, in some cases not
rising to the seafloor, and disturbed regions of the reflection sections
also are evident seaward of the main faults. The main thrust faults
clearly cut most of the section. They can be traced to about 2 km

beneath the seafloor through offset of the stratigraphic reflection horizons. At greater depths the sediments lack clear internal reflectors and
the location of the faults cannot be established with certainty; however,
based on the geometry of the back-tilted beds of the hanging wall,
Davis and Hyndman (1989) argued that they must penetrate to near the
top of the oceanic crust. This fault penetration indicates that the present
décollement is near the base of the sediment section and most of the
incoming sediment is being scraped off the oceanic crust at the deformation front. There is a very strong reflector at that depth just landward
of the deformation front on several seismic profiles, notably line 89-09
(Fig. 12) that also suggests that the décollement is located at the top of
the oceanic crust. On the Oregon Margin, except in a few areas where
the thrusts are seaward dipping and the detachment is at the base of the
sediment section, the thrusts are landward dipping and the detachment
is higher in the section (e.g., MacKay et al., 1992).

Velocity and Porosity Variation Across the Prism
A primary constraint on pore fluid expulsion associated with the
sediment accretion is derived from landward change in porosity-depth
relationships inferred from seismic velocity data (e.g., Bray and Karig,
1985; Bangs et al., 1990; Westbrook, 1991; Moore and Vrolijk, 1992).
Detailed root-mean-square (RMS) and interval velocity cross-sections
from Cascadia Basin across the accretion zone on lines 89-07 (nearly
across Sites 889 and 890) and 89-04 (across basin reference Site 888)
have been constructed by Yuan et al. (in press). Velocity analyses were
conducted at 100- to 200-m intervals. Starting with semblance velocity
estimates, interactive adjustments of normal moveout (NMO) velocities were applied to flatten individual reflectors on CDP gathers. The
velocities are well constrained for Cascadia Basin and for the frontal
thrust zone where strong nearly horizontal stratigraphic reflectors are
present. The velocities have lower accuracy landward as the sediments
are progressively deformed, but quite good velocity resolution has still
been achieved for about 20 km landward of the deformation front on
line 89-07 (Figs. 13A-13B and 14). Landward from Cascadia Basin,
the velocities first increase in the discrete thrust zone area, probably as
a consequence of increasing horizontal tectonic stress (Yuan et al., in
press). Further landward where the prism has thickened substantially,
the velocities are much lower at any given depth than beneath Cascadia
Basin. This landward velocity decrease and underconsolidation are
inferred to be a consequence of horizontal shortening and vertical
stretching of the porosity-depth profile. The tectonic thickening occurs
faster than the loading and pore fluid expulsion can reestablish a
normally consolidated section.

THERMAL REGIME
OF THE ACCRETIONARY PRISM
Accretionary Wedge Heat-flow Data
A regional compilation of heat-flow data in the Juan de Fuca Plate
region was prepared by Hyndman (1983), and Davis et al. (1990)
reported heat-flow results across the Vancouver Island deformation
front and lower continental slope. In the Davis et al. study (1990),
heat-flow probe measurements were collected along two transects
where a veneer of soft sediments permitted probe penetration. Considerable scatter is present, probably in part because of near-surface
thermal conductivity variations that were not measured. Heat flow also
was estimated from the sub-bottom depth of methane hydrate BSRs.
From these results, Davis et al. (1990) recognized a broad trend
with heat flow decreasing monotonically landward across the continental margin from as high as 140 mW/m2 (averaging 120 mW/m2)
in Cascadia Basin, to about 90 mW/m2 over the lower continental
slope, and to about 50 mW/m2 over the continental shelf. The basin
values agree well with the heat flow expected from the 6-Ma-age
oceanic crust beneath Cascadia Basin after accounting for the effects
of sedimentation. The decrease in heat flow landward was attributed
to the effects of the subducting oceanic plate and the thickening of
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Basin sediments and outcrop on Vancouver Island and the Olympic Peninsula. The positions of several marine seismic lines are shown for reference. The
locations of the LITHOPROBE land vibroseis seismic lines are shown as thick dashed lines.

the accretionary prism (see also Hyndman and Wang [1993] and following discussion).
Davis et al. (1990) also used the heat-flow data to constrain the
nature of pore fluid expulsion from the accretionary prism. The lack
of strong local thermal anomalies in the area of the deformation front
suggested that only minor concentrations of fluid flux move up faults
and other hydrologic conduits, and that most of the pore fluid from
the consolidating accretionary prism must be expelled pervasively.
On the lower slope, a systematic discrepancy was observed between
the probe and BSR heat-flow determinations; heat flow at the seafloor
was found to average 30% higher than that estimated over the upper

250 m of the sediment section using the depth to the BSR. This discrepancy was attributed to advective heat transport from distributed
vertical pore fluid flow. An expulsion rate of 25 mm/yr was inferred.
Recent estimates of the rates of fluid expulsion from simple mass-balance calculations and deformation modeling (LePichon et al., 1990;
Hyndman and Davis, 1992; Wang et al., 1993; Hyndman et al., in
press) indicate, however, that a reasonable upper limit for the magnitude of regional flux is 1-2 mm/yr, an order of magnitude too small
to account for the discrepancy.
The cause of the discrepancy between the seafloor and BSR values
is as yet unresolved; it may lie with errors in either of the methods

405

R.D. HYNDMAN, G.D. SPENCE, T. YUAN, E.E. DAVIS

O Apollo

* * • %
,?«

127°

126°

125°

Figure 9. Location map showing the multichannel seismic lines on the southern Vancouver Island margin. Every 100 shotpoints are marked
by an open dot. The deformation front sections are shown in Figure 12 and portions of lines 89-04, 89-08, and 89-10 are shown in Figure 10.

of determining heat flow. Numerous investigators have used the subbottom depth to methane-hydrate BSRs to estimate heat flow (e.g.,
Yamanoetal., 1982; Davis et al., 1990; Ferguson et al., 1993;Hyndman
et al., in press). Although general agreement has been found between
seafloor probe and BSR heat-flow data, no entirely adequate comparison and calibration of the latter has been possible. The overall BSR
heat-flow uncertainty is estimated to be about 20% (see discussion
below). Errors in seafloor probe heat-flow determinations are typically
much smaller than the errors in BSR heat flow; however, because of
difficulties with probe penetration and the small number of successful in-situ thermal conductivity measurements, the uncertainty in the
measurements presented by Davis et al. (1990) was unusually large.

New Seafloor Probe Heat-flow Data
over Sites 889 and 890
To improve the seafloor heat flow accuracy in the vicinity of Sites
889 and 890, 10 new measurements were attempted in 1992 along
MCS line 89-08 (E.E. Davis, unpubl. data, 1993). As in the case of
the previous measurements, full penetration of the probe (3.5 m in
length) was never achieved, and probe tilts were often large. Results
are shown in Figure 15 for those measurements where the tilt was less
than 7° and at least 5 thermistors (of 11) were in the sediment. The
average sediment thermal conductivity at individual penetrations
ranged from 1.04 to 1.19 W/(m • K), which brackets the average of
1.14 W/(m K) for four values obtained previously in the vicinity.
Values at discrete depths reached more than 1.5 W/(m K), indicating
the presence of sandy layers that possibly contained carbonate. Heatflow measurements ranged from 82 to 95 mW/m2 and agreed well
with the nearby previous measurements, which ranged from 88 to 107
mW/m2 (Fig. 15). Thus, the discrepancy between probe values and
the heat flow derived from the BSR data remains unexplained.
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New BSR Heat-flow Data
From the variations in BSR depths, Hyndman et al. (in press)
obtained a broad distribution of new heat-flow data along all of the
available MCS; the extensive distribution of the BSR is shown in
Figure 16. The BSR is recognized to mark the base of the stability
field for gas hydrate (see section below). Because its depth is controlled primarily by temperature it may be used to estimate heat flow
(Yamano et al., 1982; Davis et al., 1990; Ferguson et al., 1993). Heatflow estimates require determinations of (1) the reflection time from
the seafloor to the BSR; (2) the average seismic velocity to the BSR,
to convert reflection times to depths (3) the seafloor temperature from
Oceanographic or heat probe measurements; (4) the melting or dissociation temperature at the BSR from the pressure-temperature (P-T)
conditions for hydrate stability given by laboratory data; with the
seafloor temperature, this gives the vertical temperature difference
and gradient; and, (5) the average thermal conductivity from the seafloor to the BSR from velocity and other data to obtain the heat flow.
Probably the largest uncertainties come from (1) assumptions about
the applicable stability field (i.e., appropriate fluid and gas composition; e.g., Hyndman et al., 1992), which introduces a heat-flow uncertainty of 10%-20%; and (2) the thermal conductivity, which can only
be determined from velocity and seafloor data to an accuracy of
10%-20% (e.g., Hyndman et al., in press). Conductivity also may
have substantial lateral variability. The overall heat-flow uncertainty
is estimated to be about ±20%; however, much of this error is probably
systematic and nearly constant for the region. The estimated relative
uncertainty over the region is ±10%, which corresponds well to the
scatter of the heat-flow points along the individual profiles. The BSR
heat-flow estimates along the three seismic lines near the slope drill
site (Sites 889 and 890) are compared to the probe data and the model
heat flow in Figure 17.

Figure 10. Multichannel seismic sections along lines 89-04 (A), 89-08 (B), and 89-10 (C) across the Leg 146 drill sites. For greater detail, see enlarged versions in back pocket.
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Figure 11. A. Detailed bathymetry of the southern Vancouver Island deformation front region. B. SeaMARC II acoustic imagery mosaic of the southern
Vancouver Island deformation front region. For greater detail, see enlarged versions in back pocket.
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Large-scale Subduction Zone Thermal Regime
Thermal models using surface heat flow as a boundary condition
provide one of the most important means for understanding sediment
accretion and fluid expulsion processes. To examine the effects of sediment thickening and fluid expulsion in the accretionary prism, the
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Figure 15. Profile of heat probe measurements across Sites 889 and 890. The
solid dots are new data obtained in 1992 along line 89-08, which crosses Sites
889 and 890; the open dots are from Davis et al. (1990) along parallel line
85-02. The latter are projected onto line 89-08 about 4 km away.
larger scale subduction thermal regime must be subtracted. The largescale thermal regime of the margin is dominated by the effects of underthrusting of the oceanic lithosphere. Although the oceanic lithosphere
is young, 5-7 Ma at the deformation front, and the offshore heat flow
is high, the incoming plate provides a substantial heat sink beneath the
margin. The result is low heat flow in the forearc area, decreasing
landward to about 35 mW/m2. An abrupt increase to very high heat
flow occurs just seaward of the volcanic arc (Fig. 3) (Lewis et al., 1988,
1991). The heat flow on Vancouver Island is well defined by numerous
borehole measurements and the heat flow on the continental shelf is

VANCOUVER ISLAND MARGIN ACCRETIONARY PRISM

Figure 16. Distribution of hydrate BSRs on the southern Vancouver Island margin. The thick lines mark
where the BSR is clear, the diagonal lines mark the location of weak BSRs, and the thin solid lines mark
where BSRs are not evident but weak BSRs would be obscured in the data. The shaded area delineates
the general region where BSRs are observed.

constrained, with lower accuracy, by data from hydrocarbon exploration wells. Offshore in Cascadia Basin, extensive ocean probe data
agree with the predicted heat flow for the age of the ocean crust after
correction for the effect of sedimentation (Davis et al., 1990; Hyndman
and Wang, 1993) (see Fig. 18). A numerical model for temperatures
beneath the margin, excluding the transient effects of the accretionary
prism sediment thickening and fluid expulsion, has been presented by
Hyndman and Wang (1993). Their model provides a deep temperature
and heat-flow reference upon which thermal effects of the accretionary
prism processes are superimposed. The Cascadia Margin is unusually
hot as a consequence of the very young age of the incoming oceanic
plate and the thick insulating sediment section covering it; the temperature at the top of the oceanic crust at the deformation front is about
250°C. Although the heat flow and thus the vertical temperature gradient decrease landward, the temperature at the base of the thick accretionary prism near the coast of Vancouver Island exceeds 400°C.
Hyndman and Wang (1993) have argued that the high temperatures
result in an unusually narrow locked zone on the subduction thrust on
which large earthquakes may occur (Fig. 18). Earthquakes cannot initiate where the temperature exceeds about 350°C.

Thermal Effect of Sediment Accretion
and Fluid Expulsion
The advective thermal effects of sediment accretion, thickening,
and fluid expulsion have been estimated from the ratio of the BSR heat
flow to the predicted heat flow from the regional model of Hyndman

and Wang (1993). The regional model, which assumes a steady-state
conductive thermal regime above the top of the oceanic crust (transient
within the oceanic lithosphere), gives excellent agreement with the
heat-flow data landward of the accretion zone on Vancouver Island and
seaward in the Cascadia Basin (e.g., Fig. 18). Figure 19 shows the
difference between the BSR heat flow and that from the regional model
for seven seismic lines across the southern Vancouver Island margin
(northern group of three and southern group of four lines in Fig. 9).
The regional model heat flow depends upon the crustal age at the
deformation front for each seismic line (5-7 Ma). This heat-flow difference is taken to be a result of the thermal effects of sediment thickening and fluid expulsion that are not included in the regional model.
Temperatures in the underthrusting oceanic lithosphere are not strictly
independent of transient processes in the accretionary prism; however,
the regional model that assumes that they are independent is probably
a reasonable approximation. A consistent pattern can be discerned in
the heat-flow difference, although considerable scatter is present. The
BSR heat flow agrees with that of the steady-state model near the
deformation front and again about 30 km landward of the deformation
front on the upper continental slope (Fig. 18). In the intervening band,
centered about 15 km landward of the main frontal thrust or fold, the
BSR heat flow is 70%-80% of the conductive upper plate model. The
average difference, smoothed over local folds and faults on individual
lines, is interpreted to be the result of the combined thermal effect of
sediment thickening and fluid expulsion. The other important constraint on sediment consolidation and fluid expulsion, the inferred variation in sediment porosity landward in the prism, is discussed above.
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press), constrained by the porosity distribution estimated from the velocity data, predicts a maximum reduction of heat flow from the sediment thickening to occur 10-20 km landward from the deformation
front. This model result corresponds well to the pattern obtained from
the heat-flow data. Further landward, the surface heat flow is inferred
to be increased by upward fluid expulsion and the effects of sediment
thickening and fluid expulsion nearly cancel (Fig. 19).
An important inference from the seismic velocity data and from
the models is that the sediments in the frontal portion of the accretionary prism are underconsolidated and therefore high pore pressure
must exist in the accretion zone (e.g., Westbrook, 1991). The excess
pore pressure also may be obtained from the pore-fluid expulsion estimated from the heat-flow data; the pore pressure required to drive the
fluid expulsion and thus the pore pressure depends on the permeability distribution (e.g., Hyndman et al., in press).
0
10
20
30
Distance from deformation front (km)

40

Base of
αas hydrate (BSR)

Figure 17. Heat-flow data across the southern Vancouver Island margin through
Sites 889 and 890 from BSR depths (and earlier probe measurements). The
predicted, large-scale, heat-flow model ignoring accretionary prism processes
is shown for comparison (solid line). The dashed line is smooth average fit to
the BSR data. The seismic section is line 85-02.

Sediment Thickening
and Fluid Expulsion Models
The sediment accretion process can be represented by a combination of two processes: simple bulk shortening and vertical thickening
of the section, and thrust faulting that emplaces high-porosity surface
sediment to greater depths. In either process, the rate of porosity
reduction with depth is reduced but the average porosity of the sediment section initially does not change. Thus, thickening results in a
greatly underconsolidated section. Subsequent to thickening, the original equilibrium porosity-depth profile of the basin section tends to
be reestablished through consolidation and pore fluid expulsion. For
this reestablished, approximately normally consolidated profile, the
thickened section has a lower average porosity in comparison with
the incoming basin section. The total porosity reduction corresponds
to the amount of fluid expelled. Self-similar thickening models have
been given by Shi and Wang (1988), LePichon et al. (1990), Bekins
and Dreiss (1992), and Wang et al. (1993). Their models ignore the
effects of local faulting and folding. Hyndman et al. (in press) have
applied the model of Wang et al. (1993) to the Vancouver Island margin, with constraints provided by the pattern of surface heat flow and
of porosity variation (from velocity) across the seaward portion of
the prism; the effects of overconsolidation produced by horizontal
tectonic stress have been ignored.
Two processes in the accretionary prism affect the surface heat flow.
Thickening of the prism expands the vertical isotherm spacing faster
than the rate of conductive reequilibration. This rapid thickening reduces the vertical temperature gradient nearly uniformly throughout
the thickness of the prism. Consolidation and fluid expulsion introduces advective heat transport. In the simple models this transport is
assumed to be nearly vertical; it reduces the vertical heat flow at depth
and increases it near the surface. The model of Hyndman et al. (in

412

DEEP-SEA GAS HYDRATE
On some continental margins, particularly those with large accretionary prisms, a clear reflector is present that parallels the seafloor
at sub-bottom depths of 200-600 m (bottom-simulating reflector or
"BSR"). The BSR is thought to be associated with the base of the
stability field of gas hydrate. Hydrates are solid icelike substances
consisting of water molecule cages stabilized by enclosed gas molecules (e.g., Sloan, 1990). In the samples previously recovered by
DSDP/ODP, the gas has been almost entirely methane (Kvenvolden
and McDonald, 1985; Shipley and Didyk, 1981; Mclver, 1974), and
in most deep-sea occurrences the gas is probably methane. Hydrates
contain large concentrations of gas, up to 7.6 mol/L or a methane to
water ratio of about 164:1 at STP for pure methane hydrate when
dissociated. Natural hydrates are expected to have close to these concentrations. Except for the high dissociation or melting temperature
at deep-sea pressures, most of the properties of hydrate such as density
and seismic velocity are similar to those of normal ice. Interest in
hydrates has arisen because of their potential as a clean fuel resource
and because they may play a role in the control of global climate.
Deep-sea hydrate layers are estimated to contain a very large amount
of methane. Their energy potential may exceed known land hydrocarbon resources (e.g., Kvenvolden, 1988; MacDonald, 1990). Methane is a very effective greenhouse gas, and its release from hydrate
could result in abrupt global warming (e.g., Nisbet, 1990). Deep-sea
hydrates are inferred to form mainly from biogenically generated
methane, the product of low-temperature anaerobic bacterial action
on the organic material in the sediments (methanogenesis) (e.g.,
Claypool and Kaplan, 1974).

Hydrate Pressure-Temperature Stability
The pressure-temperature (P-T) stability field of hydrate (i.e., the
freezing temperature for a particular pressure) depends on the composition of the enclosed gas and on the water salinity. The dissociation
temperature is increased by the presence of higher hydrocarbons and
CO2, and decreased by higher salinity. Figure 20 illustrates the stability field based on laboratory data (tabulated in Sloan, 1990). The
boundary for methane and pure water is well known, but that for
methane and seawater-salinity fluid is not. The best estimate probably
comes from equation-of-state calculations for artificial seawater by
Englezos and Bishnoi (1988), which yield a temperature about 1°
colder than for pure water hydrate at the pressure of the Vancouver
Island margin mid-slope BSR (Fig. 20). This difference is less than
some previous estimates for the difference of 2°-3°C, based on limited
laboratory data on the effect of NaCl. The temperature at the BSR may
depend on whether hydrate is forming or melting, because salt is largely
excluded from the hydrate structure as in the case of normal ice. In-situ
estimates of the temperature and pressure at the BSR with uncertainties
of 2°-3°C for three sites (Nankai [Japan], Peru Margin, and Blake-
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Figure 18. Heat-flow data and model temperatures in the southern Vancouver Island margin accretionary prism ignoring the effects of prism processes; the
megathrust seismogenic (locked) zone, limited to 350°C, and the transition zone, to 450°C, are illustrated (after Hyndman and Wang, 1993).

Bahama), were presented by Hyndman et al. (1992). Their data best
fit the pure methane and pure water stability field (Fig. 20) but the
uncertainties encompass the estimated seawater-methane field. Accurate calibration of the BSR temperature is important for understanding
the chemistry of the hydrate and its mode of formation, and for the
use of the BSR depth to obtain heat flow; such calibration is an
important objective of the Vancouver Island margin BSR drilling.

Mechanism of Hydrate Formation
The mechanism for formation of deep-sea hydrate has recently been
the subject of considerable debate. The simplest model has the formation of hydrate from methane generated locally at depths where the P-T
conditions are within the stability field, perhaps with some upward
migration of free gas from below. However, Hyndman and Davis
(1992) argued that sufficient methane cannot be generated locally to
produce the amounts of hydrate inferred from seismic and DSDP/ODP
borehole data. They suggested that the hydrate layers above BSRs are
formed through removal of methane from upward-moving pore fluids
as they pass into the stability field (Fig. 21). In this model, the required
methane may be generated throughout a thick sediment section below

the BSR. The model accounts for the evidence that BSRs occur only
in certain environments. Strong upward fluid expulsion occurs as a
result of tectonic thickening and loading in subduction zone accretionary prisms, and, in a few areas, where rapid deposition results in initial
underconsolidation. In these areas BSRs are common. This mechanism
requires diffuse fluid expulsion which is consistent with the evidence
that BSRs are largely restricted to sand-dominated accretionary prisms;
they do not generally occur in those composed of fine grained muds
through which fluid expulsion is expected to be strongly channeled
(for example, the sandy southern Barbados accretionary prism as
compared with the mud-dominated northern portion of the prism; e.g.,
Bangs et al., 1990). Channeled fluid expulsion may produce hydrate
but not in a continuous seismically reflective layer.
Several predictions about the nature of the hydrate associated with
BSRs also follow from the fluid expulsion model that can be tested
by drilling:
1. The hydrate should be concentrated just above the BSR with
decreasing amounts upward (from downhole log velocity and core
pore-fluid salinity and methane content data); results from drilling off
Middle America that reached close to but did not penetrate the BSR
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suggest this distribution from core pore fluid salinity profiles (discussion in Hyndman and Davis, 1992).
2. The amount of methane in core samples should be a maximum
just above the BSR (from hydrate that dissociated upon recovery of
the core) and lower below the BSR (present only as dissolved methane
and limited amounts of free gas).
In the simple model in which methane is formed locally, hydrate
should be distributed evenly from the BSR to near the seafloor, and
the methane concentrations should be about the same above and
below the BSR. The simple local methane model may be complicated
by the upward migration of free gas from below.
An important complication to models of hydrate formation is the
effect of recent upward (or less commonly, downward) movement of
the base of the stability field from (1) slope sediment deposition; the
base of the stability field must rise in response to changing temperature; (2) uplift and pressure reduction from prism tectonic thickening
landward; the base of the stability field must rise to correspond to the
lower dissociation temperature for the lower pressure; and (3) an
increase in bottom-water temperature since the Pleistocene (G.K.
Westbrook, pers. comm., 1992). In all of these cases of upward movement, the lower portion of the hydrate layer must dissociate as the
stability field rises. The methane will be released as free gas, which
should rise to reform hydrate at a higher level, either by upward diffusion or carried by continued upward fluid expulsion. Thus, the concentration of methane beneath the BSR is expected to increase upward
toward the BSR. This zone refining-like process should produce
diagnostic isotope and geochemical signatures, although they may be
complex. Downward movement of the base of the stability field is
probably less common, but it could occur from sediment erosion or
from the landward decrease in heat flow as sediments are carried into
the accretionary prism.
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Bottom-simulating Reflectors and Hydrate
The primary source of regional information on deep-sea hydrate
is from the seismic reflection data (e.g., Shipley et al., 1979; Shipley
and Didyk, 1981; Minshull and White, 1989; Miller et al., 1991;
Hyndman and Spence, 1992; Holbrook and Paull, 1992) (Fig. 22).
The characteristic BSR allows the regional distribution of hydrate
to be mapped, and its analysis can provide semiquantitative information on the amount and distribution of hydrate and underlying free
gas. Seismic analyses have included (1) determination of BSR reflection coefficients, (2) modeling of the vertical-incidence reflection
waveforms, (3) multichannel velocity-depth analysis, (4) analysis and
modeling of amplitude and waveform vs. offset; amplitude vs. offset
(AVO) is especially sensitive to the presence of free gas, and (5) full
waveform modeling. The Cascadia Margin has an advantage over
many other accretionary prisms in that the shallow water depths allow
large-angle offsets for AVO, velocity, and full waveform analyses.
The key questions to be resolved are the amount and distribution of
hydrate above the BSR and of free gas below the BSR.
The BSR reflection coefficient can be obtained by comparing the
amplitudes of the seafloor and BSR reflections; the seafloor reflection
coefficient, in turn, can be obtained either from estimates of the
velocity and density of the seafloor sediments or from the relative
amplitude of the primary seafloor reflection and its multiple (Warner,
1990). Seafloor reflection coefficients are commonly 30% on the
northern Cascadia Margin. The stronger BSRs have amplitudes of
30%-50% of the seafloor yielding reflection coefficients of 10%15% (Hyndman and Spence, 1992). This is similar to values found in
other areas of strong BSRs. The average BSR reflection coefficient
and the reverse polarity of the reflection imply a decrease in seismic
impedance of 20%-30%. This contrast can be matched by several
models with and without a gas layer. Miller et al. (1991) showed that
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Figure 20. Stability field for pure-water methane hydrate and the effects of
various other constituents (compiled by Sloan, 1990) as a function of depth
(pressure). The stability field estimated for artificial seawater is from an
equation of state by Englezos and Bishnoi (1988). The pressure-temperature
(P-T) in-situ points for BSRs elsewhere are from Hyndman et al. (1992).

the required reflection coefficient is obtained by replacement of about
10% of the pore volume by hydrate above the BSR and enough free
gas below it to reduce the velocity to 1394 m/s. Hyndman and Spence
(1992) found, for the alternative limiting case of little or no reduction
in velocity in an underlying gas layer, that 25%-35% of the pore
volume must be replaced by hydrate above the BSR. Their simple
model relation between percent pore volume filled with hydrate and
impedance contrast is shown in Figure 23 assuming that (1) the
hydrate replaces normal porosity, (2) the effect on velocity follows
the same porosity-velocity relation as for normal compaction porosity
reduction with depth, and (3) no change occurs in sediment bulk
density. This amount of hydrate is somewhat less, but it is in general
agreement with the 50% estimated from borehole geochemistry data
off Middle America where the methane production and fluid expulsion both are inferred to be greater (Hyndman and Davis, 1992).
The simplest seismic modeling is vertical incidence waveform
modeling. The BSR waveforms in multichannel seismic sections are
remarkable in their clarity, consistency, and simplicity; in all of the
areas where they have been studied, they are generally a single negative pulse that is almost the mirror image of the seafloor reflection
(Fig. 22). No consistent reflector occurs above the BSR that might
indicate the top of a high-velocity hydrate layer, nor is a continuous
reflector present below it that might represent the base of a lowvelocity free gas layer. The waveform in most areas can be modeled
by a simple downward decrease in impedance (velocity × density).
Detailed modeling (Miller et al., 1991; Hyndman and Spence, 1992)
has shown that a narrow range of low-velocity free gas layer thickness, less than a wavelength, can give approximately the observed
waveform, but for most gas layer thicknesses the model waveform is
strongly asymmetric. A very thin layer can produce the observed
waveform but does not yield the required reflection coefficient. Thus,
Hyndman and Spence (1992) concluded from fitting the waveform

Figure 21. Fluid expulsion model for gas hydrate formation from Hyndman
and Davis (1992). Methane is removed from rising pore fluids to form hydrate
as they move into the hydrate stability field several hundred meters below the
seafloor. The southern Vancouver Island margin is inferred to be of the type in
the upper diagram.
that the top of the hydrate layer must be gradational and that probably
little free gas is present beneath the BSR. However, a gas layer that
is gradational downward also can produce the observed waveforms.
Amplitude and waveform vs. offset distance (AVO) can provide

an important constraint on the materials that generate a reflector; AVO
is particularly sensitive to the presence of free gas and is widely used
as a gas detector in the petroleum industry. Small amounts of free gas
(> 1 %-10%) reduce the P-wave velocity greatly but affect the 5-wave
velocity very little. For relatively unconsolidated sediments, the Pwave velocity is estimated to be reduced to below 1.3 km/s and
Poisson's Ratio is reduced to 0.1-0.2, compared with about 0.48 for
the upper few hundred meters of deep seafloor sediment, according
to both laboratory measurements and theoretical analysis (Murphy,
1984; Domenico, 1976; Ostrander, 1984) (Fig. 24). The observed
average amplitude vs. offset for the area of ODP Sites 889/890 is
shown in Figure 25. The predicted responses for a 15-m gradient
hydrate layer model and for a 15-m gas layer model (Poisson's Ratio
of 0.2) from Hyndman and Spence (1992) are shown for comparison.
The hydrate-only layer clearly provides a much better fit to the data.
This result indicates that a gas layer, with very low Poisson's Ratio
as predicted from laboratory data and theoretical studies for concentrations greater than a few percent and as observed in the petroleum
industry, must not be present. However, a moderate reduction in
Poisson's Ratio and P-wave velocity by small concentrations of free
gas (i.e., to about 0.3 and 1.5 km/s respectively) produces a result
similar to that for the hydrate-only model and thus cannot be excluded
through this approach.
Singh et al. (1993) have applied a full waveform inversion technique including the far offsets to a section over the northern Cascadia
Margin drill site (Sites 889/890). The procedure involves an initial
long-spatial-wavelength inversion giving the RMS velocity over
broad depth intervals, then a short-wavelength inversion for the waveform detail. Their inversion routine yielded a 30-m-thick low-velocity
layer below the BSR with P-wave velocity of 1.58 km/s and an

415

en

o
o
Porosity (%)

R.D. HYNDMAN, G.D. SPENCE. T. YUAN, E.E. DAVIS

co

1.6 -

1.6

21.4 -

2.8

2.0
2.0
Velocity (km/s)

ro

T3
CD
Q.

/

E
1.2 -

^

1.0

200
300
Distance (m)

B

Line 89-10
CDP 2080

I--Detail

400

30

10
20
Hydrate (% of sediment)

Figure 23. Semiquantitative relation between the fraction of the pore volume
filled with hydrate and the impedance (and velocity) contrast. The inset gives
the assumed fluid porosity-velocity relation from Hyndman et al. (1993; after
Hyndman and Spence, 1992).

2.3

100

Hydrate partially
replacing 50%
porosity

500

I

2280

Poisson's ratio

\ Domenico data

2500

Detail
n
Φ 1.7 CD

ay travel

CDP 2120
Line 89-10
>>. j?f afJ°°U. L».L,jk L..LJ..U>>>>k>> k

*o2 . 1 -

| J 'r r T ' { j
t >i
y

\

\

111 i

X)\}

EtaR. i j i > >' ? / i i
*••>^

^

*

^*

*

. *

.*

t

*

<r

•*

•,

^

(

<_

'

\

\

<_

!

/

K S '.

.-

••

k k k k k k k k k k

'> '

0
3.0

'•

200
300
Distance (m)

400

Ostrander theory

Velocity

2.5

Ostrander theory

500

Figure 22. Examples of strong gas hydrate BSRs from southern Vancouver
Island margin line 89-10 near Sites 889 and 890. Figures 22A and 22C show
expanded scale representations of the portions of Figure 22B that are noted
as "detail."

I 2.0

-o-,

1.5

1.0

Domenico
laboratory
data

Murphy data and
Domenico theory
o

S-wave velocity of 0.723 km/s (Poisson's Ratio of 0.37). Through a
process of trial and error, they also were able to find a model with a
slightly better fit having a f-wave velocity of 1.4 km/s and a Poisson's
Ratio of 0.32. In their model, the nearly symmetrical BSR waveform
appears to result from the interference of the reflection from the top
and bottom of the layer. Their velocity values and Poisson's Ratios
correspond to those predicted for less than 10% (and probably less
than 1%) free gas (see also Minshull et al., in press). However, we
caution that the effects of free gas on velocity and Poisson's Ratio are
sensitive to the nature of the distribution of the gas in the sediment
and to the sediment grain cohesion.
The last seismic analysis technique applied to the BSR is multichannel velocity analysis. The shallow water depth and long seismic
arrays used on the Cascadia margin allow a large moveout across the
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Figure 24. Laboratory and theoretical relations between free gas concentration
and P-wave velocity and Poisson's Ratio for unconsolidated sediments (from
Murphy, 1984; Domenico, 1976; Ostrander, 1984).
0.1

hydrophone array. Detailed velocity analyses were conducted on line
89-10 in the region of Sites 889/890 (Yuan et al., in press). Variations
of about 5 m/s RMS velocity could be resolved, but interval velocities
could be obtained only over depth intervals of 50-100 m; therefore,
depth resolution is poor. A high-velocity layer above the BSR is evident. No low-velocity gas layer could be resolved, providing a limit
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correspond to the average between the BSR and reflectors 50-100 m
deeper. Thus, these points agree well with the average for that interval
from the Singh et al. profile, which has a low-velocity layer beneath
the BSR but higher general velocities. However, there is an unexplained difference in the velocities from the two techniques below
400 m (Fig. 26). The general long-wavelength velocity-depth profile
of Singh et al. (1993) is higher by about 100 m/s compared to that
found for the region (Yuan et al., in press).
The principle conclusions from the seismic analyses are (1) that a
zone of at least a few tens of meters thick is present immediately above
the BSR with substantial concentrations of hydrate and with a gradational top, and (2) that free gas occurs beneath the BSR, but the
concentrations are probably less than a few percent. The base of the
gas layer may also be gradational.

Some Drilling Objectives
Some of the more important objectives for drilling on the Cascadia
accretionary prism are:
Offset distance (km)
Figure 25. The average amplitude vs. offset (AVO) for an area of strong BSRs
corrected for source and receiver directivity. The model curves are for a
15-m-thick gas layer assuming a Poisson's Ratio of 0.2, and for a 15-m-thick
tapered hydrate layer with a sharp base (after Hyndman and Spence, 1992).
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Figure 26. Interval velocities through the hydrate BSR from MCS velocity
analyses near Sites 889/890 (after Yuan et al., in press) and velocities from
waveform inversion by Singh et al. (1993). The dashed line gives the short
spatial wavelength velocity-depth variation of Singh et al. (1993); the dotted
line gives the long spatial wavelength variation.

of a maximum thickness of about 50 m if the velocity is less than
about 1500 m/s in the gas layer. The interval velocity profile is compared to the results of Singh et al. (1993) in Figure 26. The Singh et
al. analysis is directly over Sites 889 and 890 for a small region,
whereas the analysis of Yuan et al. includes a larger surrounding region; therefore, they are not exactly comparable. It should be noted
that most of the points just below the BSR from the velocity analysis

1. Seismic velocity-porosity relations to allow regional porosity
estimates from MCS velocity data. Differences in the relation between
the basin and accretionary prism associated with cementation, tectonic stress, and pore pressure variations are particularly important.
Direct downhole velocity measurements also may provide a calibration for multichannel velocity determinations.
2. Measurements, direct and indirect, of high pore pressures and
fluid expulsion associated with the sediment consolidation in the accretionary prisms. If the fluid expulsion rates are very high, the flow
may be evident in the downhole temperature data. This information is
needed to constrain models of sediment accretion and consolidation.
3. Downhole determinations of velocity and other parameters that
define the nature of the BSR. Is there a high-velocity layer above the
BSR that results from high concentrations of hydrate, and is there a
low-velocity layer below the BSR that results from free gas concentrations? Downhole pore-fluid organic and inorganic geochemical
determinations provide important constraints on the origin of BSRs.
The nature of the hydrate and free gas layers and the total amount of
methane that they contain are important for evaluating the importance
of hydrate and free gas methane associated with BSRs as an energy
resource and a factor in global climate.
4. Downhole determination of the temperature at the BSR and
thus determination of the applicable hydrate dissociation temperature.
This is important for understanding the nature and formation of the
BSR and as a calibration for BSR heat-flow determinations. Downhole temperature and thermal conductivity measurements are needed
to resolve the discrepancy between seafloor probe and BSR heat-flow
determinations on the southern Vancouver Island margin.
5. A better estimate of the thermal conductivity of the sedimentary
section that can be used to improve the accuracy with which shallow
thermal measurements can be extrapolated through the accretionary
prism and to constrain thermal models of accretion. Determination of
the factors governing velocity-thermal conductivity relations in accretionary prisms is also important.
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