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ODP Leg 146 Scientific Party

For the better part of 2 decades, it has
been known that dewatering of sediments
accreted to or subducted beneath accretion-
ary wedges is a fundamental aspect of the
subduction-accretion process. Yet, evidence
for fluid flow in modern accretionary wedges
is largely secondary and based on the pres-
ence of geochemical and/or thermal anoma-
lies [e.g., Violijk et al., 1991]; the analysis of
seismic velocity as an indicator of porosity,
which suggests a progressive loss of pore
volume in a Jandward direction [e.g., Bray
and Karig, 1985]; and the occurrence of sec-
ondary sediment microstructures characteris-
tic of fluid movement [e.g., Maltman et al.,
1992].

The only quantitative measurements of
fluid expulsion at surface vents are based on
submersible-deployed, seepage-meter data

[e.g., Carson et al., 1990}, and these re-
sults—coupled with the surface area of the
vents—indicate flow rates significantly
greater than can be supported by steady-
state dewatering [Le Pichon et al., 1992].
The fluid budgets and mass fluxes associ-
ated with accretion are poorly constrained.
Results of previous drilling suggest two dis-
tinct modes of fluid flow: channelized flow
along fault zones (primarily the décollement
[e.g., Mascle and Moore, 1990]) or diffuse
flow, which is apparently accommodated by
a pervasive fracture permeability [e.g., Taira
et al., 1992].

Leg 146 set out specifically to examine
these two modes of fluid movement in the
Cascadia continental margin, determine the
hydraulic parameters (in-situ pore pressure,
permeability, and specific storage) that con-
trol the flow, and provide well-constrained

Direct correspondence to Shaune Webb, Ocean
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estimates of the fluid budget associated with
deformation near the toe of the wedge. In
addition, the presence of distinct bottom-
simulating reflectors (BSRs) associated with
the targeted subbottom flow regimes pro-
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vided an opportunity to test the hypotheses
[see Hyndman and Davis, 1992] that relate
formation of the BSR to upward fluid advec-
tion through the gas hydrate stability field.
Four locations were drilled off Vancouver
Island and Oregon. Site 888 is a reference
section seaward of the accretionary wedge,
and Site 891 is at the toe of the wedge,
where the borehole intersected the frontal
thrust fault rising from the décollement. Site
889, and a nearby subsidiary site drilled to
only 50 m below seafloor, Site 890, are lo-
cated on the middle continental slope in an
area of diffuse fluid discharge. Site 892 (Fig-
ure 1) is located on the middle continental
slope on a fault known to be actively expel-
ling fluids. Instrumented borehole seals [Da-
vis et al., 1992] were installed at sites 889
and 892 to isolate the holes hydraulically,
record post-drilling temperature and pressure

measurements, and provide fluid samples
(Figure 2).

Site 892

Several of our principal objectives were
realized at Site 892, which provided unequiv-
ocal evidence for active flow along a fault
zone, confirmation of the BSR as a phase-
change boundary, and the unexpected oc-
currence of gas hydrates that apparently in-
corporate sulfur 2-17 m below seafloor
(mbsf). The site is located in the Pliocene
portion of the wedge, in water 670-m deep.
The holes cut an out-of-sequence thrust fault



(Figure 1) whose surface trace is marked by
a biotherm and active fluid vents. The sec-
tion at Site 892 is dominated by terrigenous
silty clay with thin, interlayered sands. Lay-
ers and nodules of diagenetic carbonate are
common throughout the sediment column.
Faulting is distributed throughout the section
(notably at 50, 68, and 106-175 mbsf), as
indicated by sediment deformation structures
(shear bands, fractures, stratal disruption) in
recovered core, formation microscanner
(FMS) images of fractures, biostratigraphic
age reversals, and bulk density/porosity dis-
continuities, the last apparently produced by
juxtaposition of shear-compacted sediment
against porous, fractured zones at 68 and
116 mbsf.

Active flow at Site 892 was demonstrated
by the first successful packer test in an ac-
cretionary wedge (Figure 1). The drill-string
packer was set in unperforated casing and
monitored conditions integrated over the
interval of perforated casing from 94-146
mbsf. Extrapolation of the pressure-decay
curves indicates that in-situ pressure was 0.2
MPa (mega pascal) above hydrostatic. These
data represent a minimum differential pres-
sure, however, as the hole was open for 36
hours prior to the test. A post-cruise record
of pressure (and temperature) recovery at
Hole 892B will come from the instrumented
borehole seal deployed in this hole, which
records temperature, pressure, and tilt hourly
for a 2-year period following shut-in.

Fluid advection is also indicated by
geochemical and temperature anomalies
(Figure 3). Bacterial methanogenesis occurs
at very shallow depths (<2 mbsf) at Site 892,
but it is mixed with thermogenic hydrocar-
bons (C,—C¢) below 68 mbsf. These latter
species must be advected from 1- to 4-km
depths within the wedge, as the maturity of
the local kerogen is insufficient to produce
them. In-situ temperature measurements de-
fine a linear temperature gradient of 51°C/km
that implies regional conductive heat trans-
fer. Superimposed on this gradient, however,
are two points with temperatures 1.6--2.5°C
above the trend, which we attribute to local
advection of more deeply sourced fluids
along fault zones. The limited vertical extent
of the anomalies indicates little thermal dif-
fusion and requires very recent flow.

Downhole logs and a vertical seismic
profile (VSP) at Site 892 establish that the
BSR is caused by free gas below about 71
mbsf. At greater depths, borehole sonic log-
ging velocities drop to a nearly uniform 1.5
km/s (Figure 4), which implies that seawater
in the hole has a higher velocity than the
surrounding sediments and controls the
short ray path of the sonic tool. Wider rang-
ing VSP-derived velocities (=<1.4 km/s, 68-92
mbsf) confirm this explanation. These low
velocities indicate the presence of gas bub-
bles [Domenico, 1976] in the pore water be-
low the BSR. The lack of free gas above 71
mbsf apparently reflects the stability field of
gas hydrates, where methane is present only
as hydrate or in solution.

Gas hydrates occur as crystals, pellets,
and aggregates in near-surface (2-17 mbsf)
sediments at Site 892, presumably as a con-
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sequence of upward fluid advection, al-
though clarification of the mechanisms of
their formation and accumulation await addi-
tional analyses. An unusual aspect of these
shallow deposits is their high concentration
(up to 10,000 ppmv (parts per million by
volume)) of H,S. The association of H,S with
hydrates, and its concentration at levels sev-
eral orders of magnitude above equilibrium
solubility values for pore water, suggest that
sulfur is also present as a hydrated form.
Because deeper fluids contained no H,S, we
are investigating a microbial mechanism for
sulfur fixation near the sediment-water inter-
face.

Sites 889 and 890

In contrast to the focused flow encoun-
tered at Site 892, sites 889 and 890 (Figure
1) were drilled where high-angle faults of
limited length and displacement characterize
the structure of the accreted section. These
upper Pliocene-lower Pleistocene clayey silts
and sands are overconsolidated and are of-
ten broken by small-scale (<5-cm long,
about 1-mm wide) fractures below 128 mbsf.
Drilling did not penetrate a major, through-
going fault zone as at Site 892. Above the
accreted sediments, upper Quaternary slope
and slope-basin turbidites, hemipelagites,
and mass-flow deposits constitute a cap of
normally consolidated, unfractured sedi-
ments. Diagenetic carbonates occur through-
out the section.

A packer test at Site 889 was unsuccess-
ful, but measurement of near-hydrostatic
pressure at 140 mbsf with the LAST (lateral-
stress tool) II tool and a linear temperature
gradient of 54°C/km imply that fluids are not
being transported rapidly. However, restric-
tion of the sulfate-reducing zone to 0-10
mbsf, and inorganic and organic geochemi-
cal anomalies (Cl, Ca, Mg, S, N, CH,, and
C,Hg) at 128 mbsf—the slope sediment-ac-
cretionary complex unconformity—imply
some advective flow. The temperature data
do not prectude flow rates of a few millime-
ters/year, and it seems likely that Site 889
indeed represents a section dominated by
diffuse fluid movement. A bore-hole seal was
deployed at Site 889, and the record of pres-
sure recovery after drilling as well as the re-
sults of active, post-cruise, draw-down tests
should provide a definitive picture of the
hydrogeology.

The BSR is well developed at Site 889.
VSP results there, as at Site 892, indicate that
the reflection is induced by a velocity rever-
sal due to the presence of free gas below the
BSR. There is a disparity at both sites, how-
ever, between the seismically defined posi-
tion of the BSR and the position of the base
of the gas hydrate stability field calculated
from experimentally defined data on pure
water/pure methane [Katz et al., 1959} and
the measured geothermal gradient. in both
cases, the seismic BSR occurs at a shallower
depth than would be predicted from the tem-
perature-hydrate stability data (or at a tem-
perature about 2°C less than predicted). Res-
olution of this disparity awaits determination
of the composition of the hydrates and may
require experimental determination of an
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Fig. 2. The Cascadia margin convergence
zone, diagrammatically indicated at the
base of the continental slope, and the posi-
tions of sites drilled on Leg 146.

appropriate gas hydrate/seawater stability
curve,

Massive accumulations of gas hydrate
were not encountered at either Site 889 or
892. Rather, most of the hydrate appears to
be finely disseminated in the pore space;
macroscopic accumulations were observed
only at depths less than 17 mbsf at Site 892.
Temperature measurements on the cores
and dilution of pore waters derived from
these holes suggest that less than 10-40% of
the pore space is filled with hydrate. The
effect of these clathrates on the permeability
structure in the wedge awaits post-cruise
tests at the borehole seals.

Site 891

Site 891 was drilled to intersect the fron-
tal thrust fault, rising from the décollement
beneath the wedge that crops out on the
seafloor at the base of the Oregon slope
(Figure 2). We sought to determine whether
fluid migration was controlled by the fault
zone or by stratigraphic aquifers within the
anticlinally deformed section. Although evi-
dence for flow is unequivocal, poor core
recovery at Site 891 (<11%) precludes quan-
titative assessment of the relative importance
of the two types of flow paths.

Sediments at this site consist of post-
middle-Pleistocene clayey silts and interbed-
ded fine- to medium-grained sands, probably
laid down as deep-sea fan deposits prior to
incorporation into the accretionary wedge.
The upper 200 mbsf appear to be normally
consolidated, and geochemical processes
are dominated by sulfate reduction in this
section. Biogenic methane concentrations
increase, between 200 and 440 mbsf, and
maxima in biogenic methane alternate with
maxima in hydrothermal hydrocarbons that
have migrated either along fault splays or
permeable sands. The presence of the olefin
ethene (C,H,), which is unstable, suggests
that the fluid dispersal system is currently
active. In addition to the organic compo-
nents, the absence of SO, and distinctly dif-
ferent concentrations of Cl and Mg dictate
that these sediments are hydraulically iso-
lated from the overlying section. Carbonate
cementation near the boundary at 200 mbsf
may provide the barrier to fluid exchange.

There is no significant geochemical
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Fig. 3. (a) Organic geochemical profiles of
ethane and the ratio of C, (methane) to
higher-order hydrocarbons (C,~Cg) at Site
892. The line at 68 mbsf denotes the top of
the BSR and is coincident with a faulted in-
terval. (b) Temperature profile for Site 892.
Dashed line represents linear gradient de-
rived from points excluding anomalies at 68
and 88 mbsf.

anomaly, however, at 375 mbsf, the position
of the frontal thrust fault on the seismic sec-
tion, and the fault at this position appears
not to be an active aquifer. Alternatively, the
active portion of the frontal thrust may have
stepped down to about 440 mbsf, for the
porosity and pore-water chemistry of sedi-
ments lying below this level are distinct and
place them in the footwall. Although no sed-
iment was recovered at the inferred position
of this fault, we anticipate that analysis of an
oblique VSP experiment run in Hole 891C
will delineate the fault’s precise location.

Site 888

Site 888 in Cascadia Basin (Figure 2) was
drilled 7-km seaward of the toe of the wedge
to provide a reference section for physical
properties, geochemistry, and downhole geo-
physical studies, which will constrain future
fluid-budget models. The 570-m thick drilled
section consists of upper Pleistocene to Ho-
locene clayey silts and interbedded fine- to
medium-grained sands, some of which ex-
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ceed 1 m in thickness. Deposition occurred
on the outer to middle parts of Nitinat Fan,
at rates that averaged about 1 km/m.y. As a
result of the rapid deposition and the high
proportion of sand below 193 mbsf, the sec-
tion becomes increasingly underconsoli-
dated at greater depths. Anomalies in pore-
water Cl concentration at 70 and 514 mbsf
imply fluid flow to counteract diffusive dissi-
pation. The flow probably originates from
differential compaction of sands and silts,
but we cannot rule out the possibility of flu-
ids being transmitted from the accretionary
wedge to the east, along permeable strata.
An anomalous concentration of methane
(68,000 ppm volume) oceurs in a porous
sand at 351 mbsf, without concomitant
changes in pore-water composition. Either
the methane has been generated in place, or
it has migrated to its present location inde-
pendent of the pore water.

Long-Term Investigations

Leg 146 has significantly augmented our
knowledge of fluid flow in one modern ac-
cretionary wedge. A fuller understanding of
the hydrogeology, the interaction between
gas hydrate accumulation and the flow re-
gime, the mass fluxes of both organic and
inorganic chemical species, and the role of
bacteria in modifying those fluxes will be
gained after samples taken during the cruise
and data recorded at the borehole seals at
sites 889 and 892 are analyzed. The two
sealed holes offer the promise of fluid sam-
ples and records of downhole temperature
and pressure that are not influenced by the
drilling operation, as well as the first ex-
tended hydrogeologic tests to determine in-
situ hydraulic parameters.

ODP Leg 146 Scientific Party

B. Carson, Lehigh University, Bethlehem, Penn.,
and G. K. Westbrook, University of Birmingham,
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Fig. 4. Sonic velocity and resistivity logs
from from Hole 892C. The line at 68 mbsf
denotes the top of the BSR. High-resistivity
zones (66 and 86 mbsf) overlie zones of
active flow as indicated by the temperatyre
record (Figure 3).

AGU Forms
Global Change
Committee
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AGU is creating a new committee on
global environmental change, announced
AGU President Ralph Cicerone. The idea was
proposed by several AGU members and sec-
tion officers, he said. They convinced him
that AGU’s efforts are needed for the science
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of human-accelerated environmental change

to progress well. In addition, Cicerone noted

that the focus on this topic will challenge

and broaden AGU and many of its members.
Volunteers are encouraged to serve on

this new committee. Interested AGU mem-

bers should contact Cicerone, AGU Execu-

tive Director Fred Spilhaus, or AGU Director

of Education and Research Gene Bierly at

AGU Headquarters no later than September 15.

AGU Committee on Global Environmental
Change

Definition: Global environmental change
is meant to include the science of climate
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