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ABSTRACT: The northwestern edge of Cascadia Basin (North Pacific
Ocean) is unusual because late Pliocene to Holocene turbidites lap onto
juvenile oceanic crust of the Juan de Fuca Ridge. Subsidence of the
ridge flank combines with irregular westward progradation of the tur-
bidite facies to create a stratigraphic section that coarsens and thickens
upward. The sand provenance is mixed. Individual turbidity currents
have funneled into the area through several shelf–slope and abyssal-
floor conduits, including Vancouver Valley, Juan de Fuca Channel,
Barkley Canyon, and Nitinat Canyon. Local bathymetric blockage, de-
flection and reflection of flow paths by basement relief, remobilization
by intrabasinal submarine slides and debris flows, episodic channel
switching, and sporadic overbank flooding have combined to produce
erratic recurrence intervals for the turbidity currents. Only the tallest
basement highs have remained isolated from turbidite deposition dur-
ing the last 500,000 years. Spatial and temporal differences in sediment
accumulation are important because they modulate the three-dimen-
sional responses of compaction and consolidation. Those changes in
physical properties govern where and when hydraulic communication
with the underlying basement shuts down. The basal hemipelagic layer
of Cascadia Basin transforms to an effective hydrologic seal (seepage
rates , 1 mm/yr) once the sediment–basalt interface is buried by 100–
150 m of strata. Rapid accumulation of turbidites, therefore, acceler-
ates the hydrogeologic conversion of igneous basement from open to
sealed.

INTRODUCTION

Cascadia Basin is located in the northeast Pacific Ocean off the coastline
of northernmost California, Oregon, Washington, and British Columbia
(Fig. 1). The Juan de Fuca and Gorda ridges form the western boundary
of the basin. The basin’s eastern boundary is a subduction front between
the North America and the Juan de Fuca plates. Sedimentologists have
scrutinized the submarine fans and channel–levee complexes of Cascadia
Basin (e.g., Griggs and Kulm 1970; Nelson 1976; Hampton et al. 1989;
Adams 1990), but the distal edge of the depositional system remained poor-
ly documented until site surveys were initiated for Leg 168 of the Ocean
Drilling Program (ODP) (Davis et al. 1992). One of the primary objectives
of Leg 168 was to quantify how basement topography, sediment thickness,
and sediment permeability influence the thermo-physical characteristics of
fluid circulation into and out of the igneous crust (Shipboard Scientific
Party 1997a). A related goal was to pinpoint the circumstances under which
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fractured basalt is sealed off from hydrothermal exchange with ocean bot-
tom water.

The Juan de Fuca plate is unusual because westward encroachment of a
distal abyssal-plain facies has diminished ocean-crust fluid circulation close
to the crest of the spreading ridge. Turbidites have been cored, in fact,
within the axial valleys of the ridge (Normark et al. 1994; Zierenberg and
Miller 2000). Sediment thickness increases toward the east as the Juan de
Fuca plate approaches the subduction margin (Kulm and Fowler 1974;
Carlson and Nelson 1987). At the subduction front, the plate-boundary fault
passes through an abyssal-plain facies (Davis and Hyndman 1989). Material
properties inherited from the distal edges of Cascadia Basin, therefore,
affect the dynamics of subduction and frontal accretion (MacKay 1995;
Underwood 2002).

As summarized by Mutti and Normark (1987), most turbidite basins fall
into one of four categories: (A) old oceanic crust with large, long-lived
sediment sources and little or no tectonic activity (e.g., Bengal, Amazon,
Mississippi fans); (B) old oceanic crust with relatively long-lived sediment
sources but with tectonic activity in the source basin transition area (e.g.,
Monterey and Astoria fans); (C) continental crust with relatively large and
long-lived sediment supply but with structural control of basin configura-
tion and duration (e.g., south-central Pyrenees and northern Apennines);
and (D) continental crust where continuing tectonic activity results in rel-
atively rapid changes in basin shape and short-lived sediment sources (e.g.,
California Continental Borderland). Turbidites are also common on the
slopes of volcanic islands (e.g., Kelts and Arthur 1981; Hiscott et al. 1992;
Garcia and Hull 1994).

Conversely, mid-ocean-ridge environments are usually immune to the
input of siliciclastic turbidites because of their bathymetric height and long
distance from terrigenous sediment sources. Because the Cascadia margin
is active tectonically, its turbidite system is affected by the normal array
of allocyclic forcing (i.e., uplift of coastal mountains, earthquakes, glacio-
eustatic fluctuations, and explosive volcanic eruptions). In addition, mid-
ocean-ridge volcanism and extensional faulting mold the seafloor architec-
ture near the spreading center, thereby adding to the list of factors that
affect sediment dispersal and facies architecture. The Cascadia sedimentary
system, therefore, is in a class by itself.

The first purpose of this paper is to document the three-dimensional
variability in turbidite stratigraphy along one portion of the Juan de Fuca
Ridge flank (Fig. 1). We also present compositional data for the turbidites,
interpret sediment provenance, identify regional-scale pathways of sedi-
ment dispersal, calculate long-term recurrence intervals for turbidity cur-
rents, and describe how textural variations between turbidites and interbeds
of hemipelagic mud affect physical properties. We then show how the
abyssal-plain facies of Cascadia Basin accelerates the hydrogeologic tran-
sition from open to sealed igneous basement. This feedback between sed-
imentation and fluid circulation has important global ramifications for ther-
mal, chemical, and mechanical evolution of the ocean crust (Sclater et al.
1980; Alt et al. 1986; Fisher 1998), as well as ocean water chemistry (Mottl
and Wheat 1994; Elderfield and Schultz 1996).
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FIG. 1.—Physiography of the Cascadia Basin (after Karl et al. 1989), with location of ODP Leg 168 study area. Bold numbers refer to previous drill sites of the DSDP
and ODP. Heavy line with teeth represents approximate position of the Cascadia subduction front. Inset map shows regional plate-tectonic context of Cascadia Basin.

GEOLOGIC AND OCEANOGRAPHIC SETTING

Depositional Character of Cascadia Basin

The floor of Cascadia Basin widens and slopes to the south (Fig. 1). The
average seafloor gradient is 1:1000, and the maximum water depth is 2930
m. Submarine canyons function as the principal conduits for sediment
transport across the continental margin (Herzer 1978; Davis and Hyndman
1989; Carson et al. 1986). The anastomosing network of Barkley, Nitinat,
and Juan de Fuca canyons, for example, begins near the mouth of the Strait
of Juan de Fuca (Fig. 1). Farther south, Willapa and Astoria canyons (Fig.
1) have connected directly to the Columbia River mouth during glacial
lowstands (Carlson and Nelson 1969; Barnard 1978). During the Holocene
highstand, the canyons have trapped fine-grained sediments and have
helped focus sluggish downslope movement of the bottom nepheloid layer
(Stokke et al. 1977).

Channel–levee complexes and submarine fans dominate the physiogra-
phy of the basin floor (Griggs and Kulm 1970; Hampton et al. 1989; Karl

et al. 1989). Vancouver Valley begins near 508N at the shelf edge of north-
ern Vancouver Island and merges with Juan de Fuca Channel near 468N.
Nitinat Valley intersects Vancouver Valley just north the Leg 168 study
area (Fig. 1). Juan de Fuca Channel meanders from Queen Charlotte Sound
through the northern portion of the basin (Carson 1973). Channels ema-
nating from the mouth of the Barkley–Nitinat Canyon network branch off
to the west and to the south to feed Nitinat Fan (Stokke et al. 1977; Ship-
board Scientific Party 1994). Nitinat Fan reaches a maximum thickness of
approximately 1500 m (Davis and Hyndman 1989). At ODP Site 888 (Fig.
1), on the northern fringe of Nitinat Fan, the total sediment thickness is
approximately 2500 m (Shipboard Scientific Party 1994). Farther south, the
channels of Astoria Fan radiate asymmetrically from the mouths of Astoria
and Willapa canyons (Fig. 1). This turbidite system prograded at least 200
km to the south during the late Pleistocene (Carlson and Nelson 1969;
Nelson et al. 1970; Nelson 1976). The distal part of the Astoria Fan was
cored at DSDP Site 174 (Fig. 1), where total sediment thickness is ap-
proximately 910 m (Shipboard Scientific Party 1973).
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FIG. 2.—Magnetic-anomaly base map for Leg 168 study area with locations of drill sites assigned to the Hydrothermal Transition, Buried Basement, and Rough Basement
transects (after Shipboard Scientific Party 1997a). Ages of magnetic polarity transitions are given in Ma. Cross section through drill sites shows how basement topography
and sediment cover change across the eastern flank of the Juan de Fuca Ridge (after Shipboard Scientific Party 1997a). See Figure 1 for location of study area.

Stratigraphy of Leg 168 Drilling Sites

The nine sites of ODP Leg 168 form a transect that was divided into
three parts (Fig. 2). Continuous coring utilized a combination of hydraulic
piston corer, extended core barrel, and rotary coring systems. In general,
three lithostratigraphic units combine to coarsen and thicken upward (Fig.
3). Unit thickness changes considerably from site to site, however, and
nannofossil datums show most unit boundaries to be time transgressive
(Shipboard Scientific Party 1997b, 1997c, 1997d; Su et al. 2000).

Beginning at the top of each section (Fig. 3), unit IA (sandy turbidite
facies) contains hemipelagic mud and coarser interbeds that range from
medium-fine sand to sandy silt and silt. Most of the sand and silt beds
display sedimentary structures that are diagnostic of turbidites: sharp to
erosional bases, normal size grading, plane-parallel laminae, ripple cross-
laminae, and wavy to convolute laminae. The descriptive designation of
mud as ‘‘hemipelagic’’ refers to its basic texture (silty clay to clayey silt)
and mineral composition (mixture of biogenous and terrigenous constitu-
ents), rather than its mode of deposition. The mud is typically structureless
to the naked eye, with scattered clay-rich bands, silt laminae, bioturbation,
concentrations of calcareous nannofossils, and pyrite nodules. Muddy tur-
bidite tops typically grade into the hemipelagic interbeds. Rigorous dis-
crimination between hemipelagic and turbidite mud requires SEM analysis
of grain fabric (Giambalvo et al. 2000) and/or statistical analysis of grain
size distribution (Spinelli et al. 2004). The deepest discrete sand layer
marks the base of unit IA. Below that boundary, thin interbeds of silt and
hemipelagic mud typify unit IB (silty turbidite facies). Unit II is composed
entirely of hemipelagic mud. The operational base of unit II generally co-
incides with the first recovery of basalt rubble. At Site 1027, however, a
more complicated interval of basaltic talus, diabase sills, and hemipelagic
mudstone separates unit II from highly fractured basalt basement.

The Hydrothermal Transition (HT) transect includes Sites 1023, 1024,

and 1025 (Fig. 2). Located 20 to 35 km east of the volcanic axis of Juan
de Fuca Ridge, this is the region where bare basement is first covered by
terrigenous sediment (Fig. 2). Basement ages range from 0.860 Ma to 1.237
Ma (Fig. 3), and the wedge of sediment thickens from 97 to 192 m toward
the spreading ridge. Seismic reflection profiles show small-scale levees and
hummocks on the seafloor between Sites 1025 and 1024 (Fig. 4; Zühlsdorff
and Spiess 2001). A relatively smooth basement surface dips toward the
west, away from the crest of the first buried basement ridge (Fig. 4). The
base of the sandy turbidite facies (unit IA) also increases in age toward the
west from nannofossil zone 20 (0.28–0.46 Ma) at Sites 1024 and 1025 to
zone 19 (0.46–0.76 Ma) at Site 1023.

The Buried Basement (BB) transect, 40 to 75 km east of the ridge axis,
includes Sites 1028 through 1031 (Shipboard Scientific Party 1997d). Base-
ment ages for these sites increase eastward from 1.615 Ma to 2.621 Ma
(Fig. 3). For the most part, this region displays a basement surface that
deepens to the east and is buried by thickening sediment. The base of unit
IA occurs within nannofossil zone 20 (0.28–0.46 Ma), but the facies change
is slightly older at Site 1029 than at Site 1028. Sites 1030 and 1031 are
situated above a basement high that rises to within 41.3 m of the seafloor
(Fig. 3). Sediment above this so-called ‘‘first ridge’’ consists of hemipe-
lagic mud, carbonate-rich mud, and rare beds of silt to sandy silt.

The Rough Basement (RB) transect is located approximately 100 km
east of the spreading axis, in an area that contains prominent linear base-
ment ridges and troughs (Shipboard Scientific Party 1997c). Basement re-
lief is typically 300 to 500 m (Fig. 2), and some basement highs pierce the
sediment cover (Davis et al. 1992; Wheat and Mottl 1994; Mottl et al.
1998). Site 1027 is located above a basement trough, whereas Site 1026 is
located over a buried ridge (Fig. 5). Their respective basement ages are
3.586 and 3.511 Ma (Fig. 3). At Site 1026, the shift from silty to sandy
turbidites occurs within nannofossil zone 19 (0.46–0.76 Ma); the same
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FIG. 3.—Lithostratigraphy of the Leg 168 drill sites. Ages of basaltic basement (from Shipboard Scientific Party 1997a) are in Ma.

facies boundary at Site 1027 is within zone 20 (0.28–0.46 Ma). Seismic
reflection profiles show geometric manifestations of a buried channel, as
well as an interval of discontinuous reflectors from roughly 3.70 to 3.76 s
two-way travel time (Fig. 5). That acoustic interval coincides with a zone
of no core recovery (87 to 145 mbsf) where the sediment is probably sandy
(Fig. 3). The thickest sand bed above the no-recovery interval is 7 m. The
deepest silt turbidites appear at 216.13 mbsf in Hole 1026C (; 1.15 Ma)
and at 466.95 mbsf in Hole 1027B (; 1.68 Ma).

LABORATORY METHODS

Conventional ODP core descriptions were augmented by visual logging
of all sand and silty-sand layers that exceed 1 cm in thickness. The archive
half of each section was used to locate each turbidite base (in meters below
seafloor) and to estimate bed thickness. Diffuse boundaries between muddy
turbidite tops and interbeds of hemipelagic mud result in underestimates
of true turbidite thickness. Sediment index properties (bulk density, water
content, porosity, and void ratio) were measured aboard the JOIDES Res-
olution following conventional protocols (Shipboard Scientific Party
1997b; 1997c; 1997d). A SediGraph 5000ET analyzer (Jones et al. 1988;
Stein 1985: Singer et al. 1988) was used to obtain grain size data (see
Cavin et al. 2000, for description of sample preparation).

Disaggregated sand samples (. 63 mm) were processed for petrography
according to methods described by Underwood and Hoke (2000). Epoxy
grain mounts were ground to standard thin sections and stained for easier
identification of plagioclase and potassium feldspar (Houghton 1980). We

used the Gazzi–Dickinson point-counting method, whereby all sand-size
crystals are assigned to their respective mineral categories, even if they
occur in polycrystalline rock fragments (Dickinson 1970; Ingersoll et al.
1984). Saettler (1998) counted at least 500 grains per thin section. Grain
types were assigned to 22 categories before combining into the following
monocrystalline and polycrystalline modes: Q 5 total quartz; Qp 5 poly-
crystalline quartz; Qm 5 monocrystalline quartz; F 5 total feldspar; P 5
plagioclase feldspar; K 5 potassium feldspar; L 5 total unstable-lithic
fragments; Ls 5 sedimentary-lithic fragments; Lv 5 volcanic-lithic frag-
ments; Lm 5 metamorphic-lithic fragments; Lsm 5 sedimentary- and me-
tasedimentary-lithic fragments. Saettler (1998) also separated volcanic-rock
fragments into three broad categories (Vb 5 basaltic, Va 5 andesitic, and
Vr 5 rhyolitic), on the basis of texture and mineral composition. Rhyolitic
grains display granular or seriate mosaics of interlocking quartz, K-feld-
spar, and plagioclase crystals. Andesitic grains show a variety of microlitic
textures, with euhedral and twinned lathes of plagioclase in a groundmass
of glass or altered glass. Basaltic grains typically have heavily altered
groundmass, lathework textures, microcrysts of plagioclase, and minor
amounts of olivine and/or pyroxene.

RESULTS

Turbidite Stratigraphy

The first thing to consider in the time-transgressive stratigraphy of Cas-
cadia Basin is the initiation of sedimentation above basalt. The sediment–
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FIG. 4.—Seismic reflection profile through ODP drilling sites of the Hydrothermal Transition (1023, 1024, and 1025) (from Shipboard Scientific Party 1997b). Note the
irregular morphology of the seafloor created by small channels.

basalt contact and the first occurrence of turbidites both increase in age
from west to east. Nannofossil ages (Su et al. 2000) show that hemipelagic
deposition began at Site 1027 soon after basement formed at 3.586 Ma
(Fig. 3). Initially, this basement trough filled slowly by fall-out of sus-
pended mud (accumulation rate 5 10.19 cm/Ky). As basement obstructions
to the east and north were buried, the first silty turbidity currents arrived
at ; 1.6 Ma. By 1.1 Ma, subsidence was sufficient, and enough sediment
had filled the valley, for silty turbidites to encroach upon the nearby ridge
at Site 1026. Farther west, at Sites 1029 and 1028, initiation of silty tur-
bidite deposition was delayed until approximately 0.9 Ma. Basement be-
neath Sites 1030 and 1031 remained high enough to prevent turbidity cur-
rents from spilling over into the area of the HT transect until ; 0.46 Ma
(Shipboard Scientific Party 1997b).

Average rates of accumulation within the sandy turbidite facies (uncor-
rected for compaction) range from 11.83 cm/ky to 55.88 cm/ky (Su et al.
2000). To compare recurrence intervals for delivery events, we subdivided
the record into four time-stratigraphic periods common to all three tran-
sects, as constrained by nannofossil datums: period A 5 less than 0.09
Ma, period B 5 0.09–0.28 Ma, period C 5 0.28–0.46 Ma, and period D
5 0.46–0.76 Ma. Because core recovery was less than 100% (Shipboard
Scientific Party 1997b, 1997c, 1997d), these statistics provide minimum
estimates for the number of events during a given time period and the
average interval of recurrence (RI) between those events.

Within the HT transect, the upper part of the seismic section shows a
clear eastward decrease in sediment thickness above the west-dipping base-
ment (Fig. 4). The average time between turbidite events increases in the
same direction (Fig. 6). Within period A at Site 1023, at least 133 turbidites
were deposited (RI 5 676 yr), whereas Sites 1024 and 1025 contain only
71 and 6 deposits, respectively. Period B included at least 171 turbidites
at Site 1023 (RI 5 1111 yr) but only 117 at Site 1024 (RI 5 1624 yr)
and 97 at Site 1025 (RI 5 1959 yr). The spatial pattern for period C is
just the opposite, however, with the number of turbidites increasing sub-
stantially from west to east (Fig. 6).

Turbidite records within the Buried Basement transect show substantial
discrepancies between Sites 1028 and 1029 even though basement relief
was buried completely during the four time-stratigraphic periods in ques-
tion (Fig. 7). Shorter recurrence intervals switch back and forth, and there
are also substantial differences in turbidite thickness. At least 108 turbidites
were deposited at Site 1028, for example, within period A (RI 5 833 yr),
whereas Site 1029 contains only 38 (RI 5 2368 yr). Thicker turbidites (.
20 cm) are common only in the upper 15 m of Hole 1028A, whereas Site
1029 displays a higher proportion of thick beds and shorter recurrence
interval (RI 5 984 yr) within the strata of period C.

Sites 1026 and 1027 (RB transect) also display considerable differences
in turbidite records (Fig. 8) despite their close spacing (Fig. 5). During

period A, the number of turbidites increased from 41 at Site 1026 (RI 5
2195 yr) to 61 at Site 1027 (RI 5 1475 yr). Thicker beds are common
within interval B at Site 1026, where the recurrence interval is 1080 yr.
We were unable to identify the equivalent record at Site 1027 because of
poor core recovery within the seismically complex zone from 90 to 145
mbsf (Fig. 5). We interpret this acoustic interval as a major episode of
channel infilling. Periods C and D at both sites show RI values longer than
most at the HT and BB transects (Fig. 8).

Physical Properties

Cavin et al. (2000) tabulated the results of grain size analyses and cor-
related the data with shipboard measurements of index properties (Ship-
board Scientific Party 1997b, 1997c, 1997d). Contents of clay-size particles
in hemipelagic and turbidite mud are typically between 60% and 85% for
each lithostratigraphic unit, and mean grain size averages 2 to 3 mm. Val-
ues of water content, porosity, and void ratio generally increase with in-
creasing clay content, whereas bulk density tends to decrease with higher
proportions of clay. There is a noticeable separation of data from mud
samples (both hemipelagic and turbidite) and data from sand and silt beds
(Fig. 9). Variability is largest within the upper 100 to 150 m, where porosity
values range from 80% to 30% (Fig. 10A). After segregating according to
lithology, two compaction trends emerge (Fig. 10B, C). The initial porosity
values tend to be significantly lower for sand and silt (35% to 55%) than
for hemipelagic and turbidite mud at comparable depths (50% to 80%).
Moreover, there is minimal dewatering in the sand layers over a depth
range of 0–120 mbsf. Conversely, mud porosity near the seafloor is usually
greater than 70%, and values drop to ; 40% at depths below 500 mbsf.
Data from the mud samples fit an exponential compaction curve to depths
of ; 200 mbsf. Below 200 mbsf, a linear trend provides a better fit to the
mud compaction (Fig. 10A).

Sites 1030 and 1031 are unusual because total sediment accumulation
rises only ; 45 m above basement and mud porosity remains high (65–
80%) throughout the section (Fig. 10D). The textural characteristics of
those muds appear to be no different than those of hemipelagic deposits
elsewhere (Cavin et al. 2000; Giambalvo et al. 2000). Analyses of pore-
water chemistry, however, show clear evidence of upward fluid flow from
igneous basement through the mud blanket (Shipboard Scientific Party
1997d).

Sand Petrography

One hundred and thirty-four thin sections were analyzed by point count-
ing (for data tables, see Underwood and Hoke 2000). The proportions of
total quartz, total feldspar, and lithic fragments (Q-F-L) within the HT
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FIG. 5.—High-resolution seismic-reflection profile through ODP Sites 1026 and 1027, Rough Basement transect. These data were shot after the sites were drilled.
Enlargements show details of synthetic seismic responses that were calculated from core density logs (see Zuehlsdorff and Spiess 2001 for details). Approximate positions
of nannofossil datums between drill sites are based on Su et al. (2000).
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FIG. 6.—Number of turbidites (n) and turbidite recurrence intervals (RI) for the Hydrothermal Transition transect, ODP Sites 1123, 1124, and 1125. Age constraints for
each time interval (Ma) are from Su et al. (2000). Rates of sediment accumulation (cm/kyr) have not been corrected for compaction.

transect are approximately equal in most samples (Fig. 11), and temporal
variations are modest. The average proportions of volcanic grain types for
the HT transect are: Site 1023 Vr 5 36, Va 5 38, Vb 5 26; Site 1024 Vr

5 32, Va 5 47, Vb 5 21; Site 1025 Vr 5 40, Va 5 42, Vb 5 18. One
exception to this homogeneity is the occurrence of sandy silt layers in the
lower part of unit IA and from unit IB that contain over 75% of what we
interpret to be intraformational mud chips (Fig. 12). The sand-size mud-
stone particles are typically brownish-yellow in color and contain silt-size
grains of monocrystalline quartz, plagioclase, calcite, microfossils, opaque

grains, mica, and mafic minerals in a clay matrix. These clasts probably
were remobilized off adjacent basement highs.

Sand samples from Sites 1028 and 1029 (BB transect) are also homo-
geneous in Q-F-L modes (Fig. 11), but their variations in polycrystalline
constituents are larger and more erratic than those from the HT transect
(Fig. 12). Overall, the proportions of Lv and Lsm increase down-section.
The average proportions of volcanic grain types are Vr 5 28, Va 5 44,
Vb 5 28 for Site 1028 and Vr 5 33, Va 5 42, and Vb 5 24 for Site
1029. In the RB transect, polycrystalline quartz and volcanic-rock frag-
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FIG. 7.—Number of turbidites (n) and turbidite recurrence intervals (RI) for the
Buried Basement transect, ODP Sites 1128 and 1129. Age constraints for each time
interval (Ma) are from Su et al. (2000). Rates of sediment accumulation (cm/kyr)
have not been corrected for compaction.

FIG. 8.—Number of turbidites (n) and turbidite recurrence intervals (RI) for the
Rough Basement transect, ODP Sites 1126 and 1127. Age constraints for each time
interval (Ma) are from Su et al. (2000). Rates of sediment accumulation (cm/kyr)
have not been corrected for compaction.

ments at Site 1026 increase steadily above the 0.28 Ma datum, whereas
sedimentary-rock plus metamorphic-rock fragments decrease upsection
from 75% to 27% (Fig. 12). These trends, however, are not apparent at
Site 1027. Above the 0.09 Ma datum, Sites 1026 and 1027 show small but
consistent increases in sedimentary plus metamorphic-rock fragments (Fig.
12). The average volcanic-rock proportions are Vr 5 27, Va 5 44, Vb 5
29 for Site 1026 and Vr 5 30, Va 5 44, Vb 5 26 for Site 1027.

DISCUSSION

Sediment Compaction and Hydrogeology

Differences in depositional processes and accumulation history between
the Leg 168 sites imparted concomitant variations in sediment compaction
and dewatering. Initial porosity values for true hemipelagic mud (i.e., prod-
ucts of slow deposition by vertical settling) are significantly higher than
values for the muddy tops of turbidites, even though their color, visual
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FIG. 9.—Cross plots of mean grain size (mm) versus index properties of sediment
(bulk density, porosity, void ratio, and water content) as determined by shipboard
measurements of samples from all sites cored during Leg 168 (Shipboard Scientific
Party 1997b, 1997c, 1997d). Values of mean grain size are based on quartile mea-
sures and apply only to the size fractions (, 63 mm) that were analyzed by
SediGraph (see Cavin et al. 2000). Note the separation of compaction responses for
sand and silt turbidites versus hemipelagic and turbidite muds.

texture, mean grain size, and bulk mineralogy are indistinguishable (Giam-
balvo et al. 2000). The hemipelagic mud contains more foraminifers rela-
tive to turbidite mud, and their grain orientations are random to subvertical
as revealed by scanning electron microscopy. Random grain orientations
are indicative of settling as fecal pellets and/or flocculated aggregates. In
contrast, the turbidite muds show systematic bed-parallel alignment of
phyllosilicates in response to bed-parallel shear during the waning stages
of gravity flow. Statistical distributions of grain size also differ between
the hemipelagic and turbidite muds (Spinelli et al. 2004). The interdigita-
tion of two mud types with contrasting initial grain fabrics helps to explain
why porosity values are so scattered within the upper 150 m of each sed-
iment column (Fig. 10B).

One of the more dynamic aspects of the mid-ocean ridge-flank environ-
ment is the shift from a hydrologically open basement to a sediment-sealed
basement. The resistance of sediment’s intergranular pore space to fluid
flow controls the degree to which the underlying basalt and the overlying
ocean remain physically and chemically coupled (Karato and Becker 1983;
Fisher et al. 1994; Snelgrove and Forster 1996). The vigor of this hydro-
logic coupling affects many important processes: the transition from ad-
vective to conductive heat flow (Sclater et al. 1976; Stein and Stein 1994);
the nature of hydrothermal alteration of the crust (Alt et al. 1986); the
evolution of such crustal properties as seismic velocity (Jacobson 1992);
and the oceanic mass balance of reactive elements such as magnesium
(Mottl and Wheat 1994).

With one exception (Site 1027), the sediment in contact with Juan de
Fuca igneous basement is hemipelagic mud (unit II). Samples of hemipe-
lagic mud possess lower permeability at a given porosity than do muddy
turbidites (Giambalvo et al. 2000; Spinelli et al. 2004). The compression
index (i.e., the slope of the virgin consolidation curve) also increases with
the proportion of hemipelagic material. As the total sediment column grad-
ually thickens above the basalt, compaction transforms the basal sediment
layer from a highly porous mud into an increasingly impermeable aquitard.
We know from geochemical evidence that the upflow of fluids remains
active today at Sites 1030 and 1031, at calculated rates of 1.9 to 3.2 mm/
yr (Shipboard Scientific Party 1997a; Giambalvo et al. 2002). Seepage rates
calculated from piston-core data are 0.15–7.0 mm/yr over the ridge crest,
as compared to 0.06–0.10 mm/yr off the ridge crest where total sediment
is thicker and turbidites are more common (Spinelli et al. 2004). Thus, the
spatial extent and rate of seepage near basement highs change as a function
of both sediment thickness and sediment type.

Several factors need to be considered when assessing fluid flow near the
ridge flank. High-resolution seismic reflection data show narrow zones of
acoustic blanking (decreased reflection amplitudes) that are manifestations
of higher porosity (Züehlsdorff et al. 1999). The blanking zones are prob-
ably local products of basement-related fault-bend folding (Züehlsdorff and
Spiess in press). Outside of such zones, the driving force for fluid seepage
through the sediment appears to be excess pore pressure (i.e., greater than
hydrostatic) within the highly fractured upper basement (Giambalvo et al.
2000; Spinelli et al. 2004). It is difficult to determine exactly when the
effects of increasing burial reduce the flow rate to insignificant levels, but
the total overburden at Sites 1030 and 1031 (, 45 m) is obviously not
thick enough to stop flow. Porosity values at the two sites where seepage
is still occurring are higher (by ; 7%) than values for either turbidite or
hemipelagic muds at the same range of depths (, 45 mbsf) at the seven
sites without fluid seepage (Fig. 10D). Thus, some factor (or factors), in
addition to overburden pressure, must affect the flow rate. The random
grain fabric in a uniform hemipelagic section should lead to initial condi-
tions with higher porosity; stratigraphic compartments with mostly hemi-
pelagic mud, therefore, might act as preferred zones for pressure-driven
upflow. Reductions of pore pressure and porosity collapse, in turn, translate
into a 103 to 1003 decrease in permeability as one moves from the crest
of the buried ridge (with its thinner hemipelagic apron) to the flanks of the
basement high (thicker sediment, more turbidites) (Spinelli et al. 2004).
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FIG. 10.—Depth profiles of sediment porosity as determined by shipboard measurements of samples from all sites cored during Leg 168 (Cavin et al. 2000). A) Complete
compilation of data from no-flow sites (Sites 1023 through 1029), without segregation by lithology. A single compaction curve follows the form n 5 azb. Note the shift
to a linear compaction gradient at ; 200 mbsf. B) Comparison of porosity trends for turbidite sand and hemipelagic or turbidite mud lithologies within the upper 150 m
at the no-flow sites. Turbidite sands become increasingly sparse below 120 mbsf. C) Comparison of porosity trends for sand and mud lithologies within the upper 42 m
at the no-flow sites. D) Comparison of porosity trends for mud lithologies within the upper 42 m at the upflow sites (Sites 1030 and 1031) vs. the no-flow sites. The
upflow sites contain mostly hemipelagic mud, whereas the no-flow sites at the same depths contain both hemipelagic and turbidite mud. Compaction curves for the two
data sets show a shift of ; 7% porosity.

Thus, the same zones where initial conditions favor upflow also tend to
sustain higher permeabilities for longer periods of time.

Numerical modeling demonstrates that hemipelagic mud in unit II should
maintain geochemically detectable flow (. 0.1 mm/yr) up to a threshold
burial depth of 150 mbsf, assuming an overpressure of 5 kPa above hy-
drostatic (Giambalvo et al. 2000). This threshold value is close to an es-
timate of 160 m that was derived independently by Wheat and Mottl
(1994). At each of the Leg 168 sites without seepage, the accumulation of
turbidites has resulted in burial of unit II to depths of 100–150 mbsf. The
texture, grain fabric, and permeability of the Cascadia turbidites probably
do not influence the behavior of ocean-crust hydrology and hydrothermal
circulation. The turbidite section does play an important indirect role, how-

ever, by rapidly increasing the lithostatic load above the basal layer of
hemipelagic mud, thereby accelerating the transformation from open to
sealed basement through sediment compaction and grain-fabric collapse.

Evolution of Turbidite Systems on the Ridge Flank

Stratigraphic correlation of turbidites can be straightforward if such cri-
teria as color, texture, geochemical composition, or fossil assemblages are
distinctive enough (e.g., Pilkey et al. 1980; Pearce and Jarvis 1992; Weaver
et al. 1992). Such is not the case for depositional sites on the eastern flank
of the Juan de Fuca Ridge. Important factors within the basin include ther-
mal subsidence of the lithosphere, normal faulting, constructional mid-
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FIG. 11.—Depth variations in total detrital modes for turbidite sands from the Leg 168 drilling sites. Dashed lines with numbers are ages (in Ma) of nannofossil datums
(From Su et al. 2000). Q 5 total quartz; F 5 total feldspar; L 5 unstable lithic fragments. See Underwood and Hoke (2000) for data tables.

FIG. 12.—Depth variations in polycrystalline detrital modes for turbidite sands from the Leg 168 drilling sites. Dashed lines with numbers are ages (in Ma) of nannofossil
datums (From Su et al. 2000). Qp 5 polycrystalline quartz; Lv 5 volcanic-rock fragments; Lsm 5 sedimentary-rock and metasedimentary-rock fragments. See Underwood
and Hoke (2000) for data tables.
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FIG. 13.—Ternary diagrams showing a comparison among mean detrital modes for sand deposits from the Leg 168 study area (Saettler 1998), Site 174 of the DSDP
(Gergen and Ingersoll 1986; Marsaglia and Ingersoll 1992), and Site 177 of the DSDP (Gergen and Ingersoll 1986). Q 5 total quartz; F 5 total feldspar; L 5 unstable
lithic fragments; Qm 5 monocrystalline quartz; P 5 plagioclase; K 5 potassium feldspar; Qp 5 polycrystalline quartz; Lv 5 volcanic-rock fragments; Lsm 5 sedimentary-
rock and metasedimentary-rock fragments; Lm 5 metamorphic rock fragments. Boundaries for tectonic provenance fields are from Dickinson and Suczek (1979), Dickinson
et al. (1983), and Ingersoll and Suczek (1979).

ocean-ridge volcanism, and the tendency of sediment gravity flows to fun-
nel between or deflect around bathymetric obstructions. The three-dimen-
sional shape of the seafloor changed dramatically during the past 3.5 My
as juvenile lithosphere subsided and moved away from the spreading cen-
ter. As each basement low filled with sediment, gradual smoothing of the
seafloor reduced the severity of the landscape as a control on the pathways
of unconfined sheet flows and channel–levee complexes. This dynamic bal-
ance between sedimentation and submarine geomorphology helps account
for the large spatial and temporal differences in total accumulation rates
between the Leg 168 drill sites.

Our comparison of sites shows that turbidite delivery to the northwestern
edge of Cascadia Basin shifted in unpredictable ways. Working on a finer
time scale, Carson and McManus (1971) encountered similar complications
when they tried to correlate individual turbidites in nearby piston cores. At
the resolution of piston cores, channel environments produce small-scale
(1–2 km) horizontal facies changes that are more abrupt than those in inter-
channel environments. This type of contrast is also clearly evident from
seismic-reflection profiles of buried channels within the RB transect (Fig.
5). Over longer time periods, depocenters shifted substantially in response
to channel migration, overbank flooding, and channel avulsion or aban-
donment. The most vigorous phase of sand deposition occurred at Site 1027
during the interval between 0.28 and 0.09 Ma (Fig. 8), when a channel–
levee complex of substantial size (proto–Vancouver Valley) flowed through
the RB transect area. Rates of sedimentation have decreased within that
locality over the course of the past 90,000 years.

Migration of depositional centers near the Juan de Fuca Ridge did not
follow a simple pattern of east-to-west progradation and onlap. Within the
HT transect area, for example, rates of turbidite sedimentation increased
up-section at Sites 1023 and 1024 but decreased up-section at Site 1025
(Fig. 6). The shortest recurrence interval for turbidity currents within the
RB transect (Fig. 8) occurred within time period B (0.09–0.28 Ma), where-
as the most rapid infilling of the BB transect area (Fig. 7) took place earlier
during period C (0.28–0.46 Ma). The shortest recurrence interval was 676
years (period A at Site 1023), but in most cases the average frequency of
occurrence was one turbidite every 1000 to 2000 years. The shorter RI
statistics compare reasonably well with data from the more proximal parts
of Cascadia Basin, which has been affected by 13 turbidity currents (Adams
1990) since deposition of the Mazama ash layer approximately 7600 years
ago (Zdanowicz et al. 1999). During the Holocene highstand of sea level,
large subduction-related earthquakes have provided the main triggering
mechanism for turbidity currents (Adams 1990). During Pleistocene low-
stands and early stages of deglaciation, however, canyon heads and shelf
environments almost certainly were affected by other triggers, including
large storm waves, seaward-directed storm surges (e.g., Nelson 1982; Duke

1985), and hyperpycnal discharge from rivers, glaciers, and glacial lakes
(e.g., Mulder and Syvitski 1995).

Another contributing factor might have been occasional reflection or re-
mobilization of gravity flows off the nearby ridges. In some instances, flow
reflection probably resulted in duplication of sand and silt deposits during
a single transport event. The effect of seafloor relief on the dynamics of a
turbidity current is impossible to predict or model in detail without knowing
the corresponding values of all of the governing physical parameters (i.e.,
speed, direction, three-dimensional density gradient, thickness, frictional
coefficients, seafloor gradient). The ability of any individual turbidity cur-
rent to flow over the top of a bathymetric obstruction is dictated largely
by the relation between flow thickness and ridge height. To a first approx-
imation, numerical and laboratory models indicate that the maximum ele-
vation of upslope flow (i.e., a true vertical shift in center of gravity for a
flow of uniform density) is 1.5 times the flow thickness (Muck and Un-
derwood 1990; Kneller and Buckee 2000). More rigorous solutions require
complex integration of velocity and density profiles within turbid flows
(Kneller and McCaffrey 1999). In other settings worldwide, deposits of
turbidite sand have been documented at elevations several hundred meters
above abyssal floors (e.g., Damuth and Embley 1979; Dolan et al. 1989;
Garcia and Hull 1994). Where ridge height exceeds vertical run-up, all or
part of the turbidity current should be deflected or reflected by the obstruc-
tion (Pantin and Leeder 1987; Kneller et al. 1991; Pickering et al. 1992;
Kneller and McCaffrey 1999). Conversely, if a flow is thicker than the
ridge is high, the process of flow stripping should detach the entrained
layer and allow bypassing (Piper and Normark 1983; Alexander and Morris
1994). In applying these concepts to Cascadia, each of the turbidity currents
must have adjusted differently to the rugged landscape of its flow path,
under a unique set of flow parameters, while moving toward the distal edge
of the basin. The net result is unusually patchy and unpredictable turbidite
architecture.

Integration of high-resolution seismic reflection data, core data, and syn-
thetic seismics provides additional evidence for shifts in turbidite input and
accumulation rate (Zühlsdorff and Spiess 2001). The facies change between
units IA and IB, for example, differs in age from site to site and cannot
be matched to a single seismic reflector. Changes in reflection amplitude
indicate a gradual decrease in grain-size contrasts from Site 1024 toward
Site 1025, consistent with the upper two intervals of the coring record. In
general, reflection character is more uniform within younger parts of the
seismic section, but Zühlsdorff and Spiess (2001) could trace only one
reflector (‘‘reflector A’’) across the first basement ridge (i.e., from Site
1025 to the BB transect). The estimated depth of that reflector is 21 m at
Sites 1024 and 1025, and 25 m at 1028. This interpretation is at odds,
however, with the biostratigraphic data of Su et al. (2000), which place the
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TABLE 1.—Mean detrital modes for Leg 168 sites and potentially correlative sand deposits within Cascadia Basin and related watersheds.

Location
Mean
Q-F-L

Mean
Lv-Ls-Lm

Size
(mm)

Count
Method* Stain** Density*** Source

ODP Leg 168 sites
DSDP Site 177
Fraser River delta
ODP Site 888 (Nitinat Fan)
ODP Site 889 (Vancouver)

35-35-30
29-58-13
42-11-47
46-18-36
41-19-40

52-39-09
25-48-27

.0.063
0.063–0.5

bulk
0.05–0.1
0.05–0.1

GD
GD
T
T
T

Y
Y
N
N
N

N
N
N
Y
Y

a
b
c
d
d

Bonneville reservoir
Lower Columbia River
Oregon-Washington shelf
DSDP Site 174 (Astoria Fa
DSDP Site 174 (abyssal)

32-30-38
14-28-58
16-22-62
36-40-24
21-27-52

47-23-30
69-06-25

.0.004

.0.004
bulk

0.063–0.5
0.063–0.5

T
T
T

GD
GD

N
N
N
Y
Y

N
N
N
N
N

e
e
f
g
g

* GD 5 Gazzi-Dickinson; T 5 traditional.
** Y 5 stained for feldspar; N 5 not stained.
*** Y 5 heavy-liquid separation; N 5 no separation.
a 5 Underwood and Hoke (2000); b 5 Gergen and Ingersoll (1986); c 5 Garrison et al. (1969); d 5 Chamov and Murdmaa (1994); e 5 Whetten et al. (1969); f 5 White (1970); g 5 Marsaglia and Ingersoll (1992).

90,000-year datum above ‘‘reflector A’’ at 1025 but below ‘‘reflector A’’
at 1024 and 1028. Echo character above ‘‘reflector A’’ also changes across
the intervening basement ridge. The 0.09 Ma nannofossil datum fits shallow
reflector geometries better between Sites 1026 and 1027, but the effects of
channel incision and infilling render the temporal correlation of deeper
reflectors more difficult (Fig. 5). These seismic-reflection data reinforce the
idea that only exceptional events were large enough to spread sediment
across the entire floor of the Leg 168 study area.

Sand Provenance and Dispersal

The final element of the Cascadia turbidite system to consider is the sand
source. Detrital modes indicate that the sand was derived from a polymictic
assemblage of igneous, metamorphic, sedimentary, and metasedimentary
rocks. Our mean value for total-grain modes (Q 5 35, F 5 35, L 5 30)
plots within the generic dissected-arc field (Fig. 13) as defined by Dick-
inson et al. (1983). Monocrystalline data (mean of Qm 5 46, P 5 49, and
K 5 5) plot within the Circum-Pacific volcano-plutonic suite of Dickinson
(1982). Polycrystalline modes lie within the arc-orogen field of Dickinson
and Suczek (1979), with a mean of Qp 5 16, Lv 5 43, and Lsm 5 41.
The mean values of Lv 5 52, Ls 5 39, and Lm 5 9 (Fig. 13) are consistent
with a mixed magmatic-arc and rifted-continent source (Ingersoll and Suc-
zek 1979). It is tricky, however, to expand from a generic tectonic prov-
enance to a site-specific interpretation of source and transport route. Several
watersheds need to be considered in our interpretation, and quantitative
comparisons between published data are impossible because sample prep-
aration and petrographic technique differed among investigators (Table 1).
We can, in spite of this, establish some first-order constraints on dispersal
path through qualitative assessments.

Regional bathymetry indicates that several overlapping pathways carried
both channelized and unconfined turbidity currents into the northern part
of Cascadia Basin (Fig. 1). The first path may originate as far north as
Queen Charlotte Sound, where relatively small submarine canyons are in-
cised into the western margin of Vancouver Island. Considering the loca-
tion of the Leg 168 sites, and the north- to northeast-striking fabric of
basement structures, south-directed transport through the Vancouver Valley
and Juan de Fuca Channel systems should have functioned as the primary
conduit of sandy sediment. This interpretation is supported further by the
seismic-reflection expressions of north–south trending channel–levee fea-
tures (Figs. 4, 5). Potential sources on the Queen Charlotte Islands and
northern Vancouver Island include older volcanic, sedimentary, and granitic
rocks (Muller 1977; Clague 1986), but no Quaternary volcanoes. The fresh
andesitic and rhyolitic rock fragments from Leg 168 samples (Table 1) are
more indicative of a mixed provenance that included neovolcanic centers.
In addition, Gergen and Ingersoll (1986) demonstrated that sands from
DSDP Site 177 (located north of our study area at 508 289 N) contain
substantially higher percentages of total feldspar and more sedimentary-
rock and metamorphic-rock fragments than the sands from Leg 168 sites

(Fig. 13). On the basis of this comparison, we suspect that detrital sources
north of Vancouver Island (i.e., Queen Charlotte Sound) did not contribute
much to the sediment budget.

A second pathway for sediment to reach the study area is through Bar-
kley, Nitinat, and Juan de Fuca canyons, all of which discharge near the
apex of Nitinat Fan (Fig. 1). The confluence of Nitinat and Vancouver
valleys is located just north of Sites 1026 and 1027 (Fig. 1), and the can-
yons connect in the upstream direction to the Strait of Juan de Fuca and
the Fraser River delta (Clague et al. 1983). Geologic sources in that wa-
tershed are diverse. The Coast Plutonic Complex of western British Co-
lumbia, Washington, and northern Oregon consists mainly of granitic in-
trusions surrounded by sedimentary and volcanic rocks (Clague 1986). Far-
ther east, the crystalline core of the Cascade Range exposes metamorphic–
plutonic complexes, whereas the Western Cascades contain basaltic, an-
desitic, and dacitic lava flows intercalated with pyroclastic rocks (Blakely
and Jachens 1990). Quaternary volcanoes of the High Cascades include
basalt, rhyolite, and more commonly, andesite (McBirney 1978). Inboard
of Vancouver Island, Garrison et al. (1969) showed that lithic grains and
detrital quartz dominate the sand fraction of the Fraser River delta (Table
1). Once Fraser River sediment enters the Strait of Georgia, it mixes down-
stream with detritus from smaller streams that drain both southern Van-
couver Island and the Olympic Peninsula (Mayers and Bennett 1973; Pharo
and Barnes 1976). Common lithologies on those margins include metase-
dimentary rocks and marine volcanic rocks (Tabor and Cady 1978; Bran-
don et al. 1998). As a constraint on discharge into deeper water, Chamov
and Murdmaa (1994) analyzed samples from the northern edge of Nitinat
Fan (ODP Site 888) and the Vancouver slope (ODP Site 889). Compared
to Leg 168 data, those average Q-F-L values are substantially depleted in
total feldspar (Table 1), but this mismatch is probably an artifact of their
technique. Thus, our inferred connection from source to sink falls short of
being definitive.

The Columbia River (Fig. 1) provides the largest present-day point
source of fluvial discharge to the southern part of Cascadia Basin, with
headwaters extending eastward into the Rocky Mountains. Sedimentary
strata, plus plutonic and coarse metamorphic bedrock, underlie the upper
Columbia sub-basin. Flood basalt is widespread in the middle and lower
basin (Beeson and Tolan 1990), and andesite from active Cascade volca-
noes increases toward the river mouth. Sand trapped in Bonneville reservoir
(farthest downstream dam) yields average Q-F-L values of Q 5 32, F 5
30, and L 5 38, whereas samples between Bonneville reservoir and the
river mouth are more lithic-rich (Whetten et al. 1969). Beyond the river
mouth, White (1970) showed Holocene sands on the Washington–Oregon
shelf to be enriched in lithic fragments relative to the Leg 168 data (Table
1). On the distal edge of Astoria Fan (DSDP Site 174), the average modes
for Quaternary sands are Q 5 36, F 5 40, and L 5 24, with roughly
equal proportions of Lv and Lsm (Gergen and Ingersoll 1986). This petro-
facies, which Marsaglia and Ingersoll (1992) attributed to mixing between
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Cascade arc and Idaho batholith sources in the Columbia River watershed,
comes closer than any other to matching the modal character of Leg 168
samples (Fig. 13; Table 1). The older abyssal-plain facies beneath Astoria
Fan is more lithic-rich than the Quaternary (Table 1), with more abundant
volcanic-rock fragments (Gergen and Ingersoll 1986). Marsaglia and In-
gersoll (1992) attributed this difference in sediment composition to a shift
toward more Cascade volcanic debris within the Columbia River watershed
during the Pliocene. Farther south, turbidites in Escanaba Trough (a Gorda
Ridge segment located south of the Blanco Fracture Zone) are likewise
thought to have come from a Columbia River source (Vallier et al. 1973;
Normark et al. 1994; Normark and Serra 2001). Their Q-F-L modes overlap
those for Quaternary Astoria Fan, but the polycrystalline constituents con-
tain a higher proportion of volcanic-lithic debris (Zuffa et al. 2000). Similar
detrital suites have been reported from piston and gravity cores in southern
Cascadia Basin (Duncan and Kulm 1970).

Our holistic assessment of bathymetry and sand composition leads us to
conclude that a mixed provenance contributed sand to the northwestern
part of Cascadia Basin from Vancouver Island, the Olympic Peninsula, the
northern Cascades, and western British Columbia. Rock types in those wa-
tersheds are similar. Homogenization of discrete contributions during gla-
cial erosion, plus post-glacial recycling, precludes more specific provenance
fingerprints. Petrofacies are similar between Leg 168 samples and a Co-
lumbia River source, but most of the Columbia River sand has been fun-
neled toward the southwest during lowstands through Quinault, Willapa,
and Astoria canyons. It seems unlikely to us that such flows would have
reached the Leg 168 transect area except during unusually large discharge
events, such as the jokulhlaup outbursts that were triggered by late Wis-
consinian deglaciation (Waitt 1985; Atwater 1986; Brunner et al. 1999).

CONCLUSIONS

The turbidite system of northwestern Cascadia Basin is atypical and enig-
matic in many respects, because of its proximity to an active mid-ocean
ridge. As in most turbidite basins, depositional character and facies archi-
tecture have been sensitive to allocyclic forcing (e.g., uplift of source ter-
rains, glaciation, earthquakes, arc volcanism). In addition, however, the
architecture of Cascadia Basin has evolved rapidly in response to intraba-
sinal processes, including thermal subsidence, normal faulting, ridge-related
volcanism, and sedimentation. Changes to the bathymetry have forced au-
tocyclic adjustments of individual turbidity currents and channel–levee
complexes.

Intervals of recurrence have been highly variable for turbidity currents
entering the Juan de Fuca ridge-flank environment; the RI values range
from approximately once every 675 years to one per 27,000 years. We
attribute this spatial and temporal oscillation of sediment delivery to the
combined effects of inconsistent subsidence of the basement, gradual in-
filling of rugged basement relief, reflection and deflection of flows off
bathymetric highs, intrabasinal slides and debris flows, flow stripping, chan-
nel switching and abandonment, and patchy overbank flooding.

Identification of a unique sand provenance remains elusive. Average de-
trital modes are Q 5 35, F 5 35, and L 5 30; Qm 5 46, P 5 49, and
K 5 5; Lv 5 52, Ls 5 39, Lm 5 9; and Qp 5 15, Lv 5 44, and Lsm 5
41. With few exceptions, such values are consistent both down-hole and
between the Leg 168 sites. The generic tectonic provenance for these sands
is straightforward: a dissected magmatic arc blended with polymictic ter-
ranes. Watersheds displaying those geologic fingerprints are ubiquitous
within the western Cordillera, so it is difficult to isolate the provenance to
one specific fluvial source. The diversity and abundance of volcanic-rock
fragments indicates that the source area included intermediate and silicic
volcanoes of the Cascade Range.

Even if the source were unambiguous, our ability to pinpoint pathways
of sediment dispersal is tempered by complications in regional bathymetry.
Some of the sediment probably moved south from the western margin of

Vancouver Island and Queen Charlotte Sound through Vancouver Valley
and Juan de Fuca Channel (and their fossil equivalents). The main argument
against a northern source is the paucity of neovolcanic centers. Detritus
from an eastern source (southern Vancouver Island, Olympic Peninsula,
northern Cascades, and Fraser River drainage) also entered Cascadia Basin
via the Strait of Juan de Fuca. Those turbidity currents, and nepheloid-layer
suspensions, flowed down Barkley, Nitinat, and Juan de Fuca canyons be-
fore spreading over the northern apex of Nitinat Fan. That pathway, we
believe, has been the most active over the past 1 million years. Occasional
transport from the Columbia River is also possible.

The proximity of the Juan de Fuca Ridge to the Cascadia continental
margin is unusual when viewed in a global context of ocean-crust hydro-
thermal processes. Turbidites play a vital, though indirect, role in the ocean-
crust hydrogeology. Sediment accumulates slowly above basement ridges
and consists mostly of hemipelagic mud with random grain fabric. At lo-
cations where total sediment thickness remains less than ; 50 m, we see
both physical and geochemical evidence for upflow of porewater from an
overpressured basement, at rates that average 2.6 mm/yr. Once burial
depths reach 100–150 m, however, the grain fabric of hemipelagic mud
collapses, thereby reducing seepage to rates of 0.10 mm/yr or less. Rapid
influx of turbidites provides the overburden necessary to transform the
physical properties of mud near the basalt–sediment contact. By acceler-
ating the compaction process, the turbidites help impede hydrothermal ex-
change between fractured basaltic crust and ocean bottom water.
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