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ARTICLES

Turbidite Megabeds in an Oceanic Rift Valley Recording Jökulhlaups
of Late Pleistocene Glacial Lakes of the Western United States

G. G. Zuffa, W. R. Normark,1 F. Serra, and C. A. Brunner2

Dipartimento di Scienze della Terra e Geologico-Ambientali, Università di
Bologna, Via Zamboni 67, 40127 Bologna, Italy

(e-mail: zuffa@geomin.unibo.it)

A B S T R A C T

Escanaba Trough is the southernmost segment of the Gorda Ridge and is filled by sandy turbidites locally exceeding
500 m in thickness. New results from Ocean Drilling Program (ODP) Sites 1037 and 1038 that include accelerator
mass spectrometry (AMS) 14C dates and revised petrographic evaluation of the sediment provenance, combined with
high-resolution seismic-reflection profiles, provide a lithostratigraphic framework for the turbidite deposits. Three
fining-upward units of sandy turbidites from the upper 365 m at ODP Site 1037 can be correlated with sediment
recovered at ODP Site 1038 and Deep Sea Drilling Program (DSDP) Site 35. Six AMS 14C ages in the upper 317 m of
the sequence at Site 1037 indicate that average deposition rates exceeded 10 m/k.yr. between 32 and 11 ka, with
nearly instantaneous deposition of one ∼60-m interval of sand. Petrography of the sand beds is consistent with a
Columbia River source for the entire sedimentary sequence in Escanaba Trough. High-resolution acoustic stratigraphy
shows that the turbidites in the upper 60 m at Site 1037 provide a characteristic sequence of key reflectors that
occurs across the floor of the entire Escanaba Trough. Recent mapping of turbidite systems in the northeast Pacific
Ocean suggests that the turbidity currents reached the Escanaba Trough along an 1100-km-long pathway from the
Columbia River to the west flank of the Gorda Ridge. The age of the upper fining-upward unit of sandy turbidites
appears to correspond to the latest Wisconsinan outburst of glacial Lake Missoula. Many of the outbursts, or jökul-
hlaups, from the glacial lakes probably continued flowing as hyperpycnally generated turbidity currents on entering
the sea at the mouth of the Columbia River.

Introduction

The Gorda Ridge, which lies offshore northern
California and southern Oregon between the
Blanco and Mendocino Fracture Zones (fig. 1), is
the only oceanic spreading center that lies entirely
within the Exclusive Economic Zone (EEZ) of the
United States. The Gorda Ridge changes from a me-
dium-rate (5.8 cm/yr) spreading ridge at its northern
terminus with the Blanco Fracture Zone to a slow-
rate (∼2 cm/yr) spreading ridge near the Mendocino
Fracture Zone in the south, where the axial rift
valley is bounded by mountainous ridges as high
as 2 km. The southernmost segment of the Gorda
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Ridge (south of lat 41�00�) has a deep axial rift val-
ley, the Escanaba Trough, which widens to the
south, and the relief of the flanking ridges decreases
abruptly and disappears before intersecting the
Mendocino Fracture Zone (fig. 1). The Escanaba
Trough is floored by sediment over most of its
length (Moore and Sharman 1970), and thick sec-
tions of sediment fill occur along the base of the
Mendocino Fracture Zone on both flanks of the
Gorda Ridge. A sill slightly shallower than 3100 m
water depth at the north end of the Escanaba
Trough marks the northern limit of the sediment
fill (fig. 1).

Sampling the sediment fill of the Escanaba
Trough was one of the earliest objectives of the
Deep Sea Drilling Program (DSDP). Drilling at
DSDP Site 35 sampled selected intervals, attempt-
ing to core only about 145 m of the sediment fill
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Figure 1. Bathymetric map of Escanaba Trough, adapted from Smith and Sandwell (1997), showing igneous centers,
DSDP Site 35, ODP Sites 1037 and 1038 (modified from Shipboard Scientific Party 1998c), and location of seismic-
reflection profiles in figures 4A, 4B, and 5A–5D. Inset shows location and setting of Escanaba Trough (rectangular
box at southern end of Gorda Ridge) and location of line L3 80 shown in figure 4C.
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to a hole depth of 390 m (fig. 2; Moore and Sharman
1970; Shipboard Scientific Party 1970). Much of the
recovered sequence is turbidite deposits, and the
petrography of the sandy beds suggested that tur-
bidites in the upper part of the sediment fill come
from the distant Columbia River, whereas those
near the bottom of the hole might be from the
much nearer Klamath River (Vallier et al. 1973;
Zuffa et al. 1997). This early DSDP sampling pro-
vided no information on the age of the turbidite
fill, which was unlikely to be older than latest
Pleistocene (!100 ka) because of the active rifting
and creation of new oceanic crust along the ridge
axis (see discussion in Normark et al. 1994).

As a result of an effort by the U.S. Minerals Man-
agement Service to lease the entire Gorda Ridge
area for mineral exploitation following the decla-
ration of the U.S. EEZ, the Escanaba Trough be-
came the focus for detailed geological and geo-
physical survey efforts (see extensive reviews in
McMurray 1987; Morton et al. 1994b). Volcano-
genic massive sulfide deposits and associated hy-
drothermal vents were found at several localities
on and within the sediment fill near the axis of the
Escanaba Trough (Koski et al. 1994; Morton et al.
1994a; Zierenberg et al. 1994). To understand the
interaction of the hydrothermal fluids with the
host sedimentary sequence, the lateral extent, sed-
imentologic processes, and thermal structure of the
axial valley fill were investigated (e.g., Davis and
Becker 1994; Morton and Fox 1994; Normark et al.
1994). The areas of volcanogenic massive sulfides
are generally associated with hills formed by local
uplifts of the turbidite fill. The lateral connectivity
of the turbidite sand units provides pathways for
the hydrothermal fluids to migrate horizontally
within the sediment. Migration of hydrothermal
fluids could explain the diagenetic effects on the
sediment suggested by the petrography of samples
recovered at DSDP Site 35 (Vallier et al. 1973; Zuffa
et al. 1997). The most northerly site of hydrother-
mal mineralization in the Escanaba Trough was
subsequently chosen for Ocean Drilling Program
(ODP) drilling (Fouquet et al. 1998).

Most of the sand-sized material recovered from
the turbidite fill of the Escanaba Trough at DSDP
Site 35 is clearly from the North American conti-
nent (Vallier et al. 1973; Zuffa et al. 1997); the path-
way followed, especially considering the inferred
source from the Columbia River drainage basin, is
less certain. The continental margin of the western
United States north of the Mendocino Fracture
Zone is an accretionary prism that incorporates tur-
bidites and pelagic sediment deposited on a series
of submarine fan systems that extend from the Ni-

tinat fan north of the Columbia River to the Eel
fan at the base of the Mendocino Fracture Zone (fig.
1; Carlson and Nelson 1987; Clarke 1987; Snavely
1987). North of the Blanco Fracture Zone, the mod-
ern turbidite fans have buried much of the sub-
ducting plate and the easternmost part of the frac-
ture zone as well. The turbidite fan systems off
northern California are much less extensive and
only locally bury the ridge topography of the east-
ern flank of the Gorda Ridge. A large mass failure
deposit, the Heceta submarine slide (fig. 1, inset),
at 44�N latitude on the Oregon continental margin,
has blocked turbidity currents initiated off the Co-
lumbia River from reaching the area south of the
Blanco Fracture Zone along the base of the conti-
nental slope since the time of the failure about 110
ka (Goldfinger et al. 2000). Before 110 ka, a turbidite
channel from Astoria Canyon extended across the
fracture zone to the eastern flank of Escanaba
Trough.

Another possible route for Columbia River sed-
iment to reach the Escanaba Trough is from the
west, across the Pacific flank of the Gorda Ridge.
Hurley (1960, 1964) described the Cascadia Chan-
nel, which extends offshore from the Columbia
River south into and through the Blanco Fracture
Zone; the channel exits from the fracture zone onto
the Pacific plate and extends west for several hun-
dred kilometers on the Tufts Abyssal Plain. Griggs
et al. (1970) described pebble-sized sediment from
the floor of Cascadia Channel west of the Blanco
Fracture Zone that they ascribed to an eastern
Washington source area; they further suggested
that this coarse material was carried to the ocean
by the late Pleistocene catastrophic floods from gla-
cial Lake Missoula and subsequently transported
through Cascadia Channel to the Pacific plate.

The purpose of this article, which expands con-
siderably the preliminary results, first reported by
Brunner et al. (1999), is to reevaluate the source
area, transport paths, and depositional processes
that provided the turbidite fill within the Escanaba
Trough. Our study is based on: (1) new petrographic
data from sand-sized sediment recovered during
ODP Leg 169 at Sites 1037 and 1038; (2) strati-
graphic control provided by deep-tow, high-
resolution 4.5-kHz seismic-reflection profiles ob-
tained as part of a site-survey activity for Leg 169;
(3) ages of the turbidite deposits based on acceler-
ator mass spectrometry (AMS) 14C data from ref-
erence Hole 1037B and Hole 1038I; and (4) inter-
pretation of new seismic-reflection data to evaluate
the stratigraphic relation between the turbidite fill
in the Escanaba Trough and the sediment deposited
on both flanks of the Gorda Ridge. These new data
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Figure 2. Graphic sedimentation columns for Holes 1038I and 1037B and DSDP Site 35 (see also Shipboard Scientific
Party 1970, 1998a, 1998b). Uppercase letters denote lithostratigraphic units defined in this article for Hole 1037B;
dashed lines show probable correlation of these units with Site 35 and Hole 1038I.
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allow a direct correlation with the previous sam-
ples recovered at the more southerly DSDP Site 35
and show that the results based on the Leg 169
drilling can be applied to the turbidite fill along the
entire 75-km length of the Escanaba Trough. The
volume and age of the upper part of the turbidite
deposits indicate that they accumulated in a very
short time interval (≤5 k.yr.) and suggest that the
deposits might have been generated as a result
of outbursts from glacial lakes of the Pacific
northwest.

Lithostratigraphy

Site 1037. The core stratigraphy at reference
Hole 1037B (fig. 2) was constructed on the basis of
visual core descriptions made onboard Leg 169.
Eight lithostratigraphic units were distinguished on
the ship, chiefly on the basis of sand/silt-dominant
versus mud-dominant turbidites and sedimentary
structures, but also using magnetic susceptibility
data that, with few exceptions, distinguished the
graded turbidite layers (Shipboard Scientific Party
1998b). A nearly complete sedimentary sequence
(495.60 m) was recovered. A rubble comprising
metamorphosed claystone and siltstone was recov-
ered beneath the turbidite sequence between
495.60 and 507.80 mbsf (meters below sea floor).
The base of the cored interval consists of basalt that
was recovered from 507.80 to 546 mbsf.

The lithostratigraphic units of the Shipboard Sci-
entific Party (1998b) are reinterpreted in this report
and are based on stratigraphic trends, depositional-
process similarities, and sediment age in addition
to the lithology, which was the primary basis for
distinguishing units during Leg 169. The descrip-
tion of the revised lithostratigraphic units follows.

Unit A (Holocene). This unit consists mostly of
hemipelagic, fossiliferous, unconsolidated green-
ish-gray clay and extends downcore to 1.68 mbsf,
which corresponds to the top of the first turbidite
bed of the underlying unit B. The AMS 14C dating
of planktonic foraminifers at 1.56 mbsf gave an age
of yr (table 1; fig. 2). The implied Ho-8762 � 95
locene sedimentation rate is in agreement with pre-
vious determinations from Escanaba Trough (Kar-
lin and Lyle 1986).

Unit B (Late Pleistocene). Unit B consists of a fin-
ing- and thinning-upward sequence of megaturbi-
dite beds that extends to 120.60 mbsf. It contains
a basal package (from 120.60 to 63.52 mbsf) of mas-
sive, dark gray, fine- to medium-grained sand grad-
ing upward to pelite in the upper 6 m. Small pieces
of woody material are present throughout this strat-
igraphic interval. The basal sand megabed is over-

lain by a sequence of 10 thinning-upward, well-
defined megaturbidite beds (from 63.52 to 1.68
mbsf). This sequence shows a distinct fining up-
ward from fine- to very fine-grained sand to silt and
clay. A thin hemipelagite layer near the top of
the unit at 21.57 mbsf is yr old, and a10,882 � 85
pinecone scale near the base of the unit at 56.81
mbsf is yr old, based on AMS 14C15,750 � 70
dating.

Unit C (Late Pleistocene). This unit is lithologi-
cally similar to unit B. It consists of a fining- and
thinning-upward sequence that extends from
177.60 to 120.60 mbsf. The basal 35 m of this unit
consist of massive, dark gray, very fine- to medium-
grained, very poorly sorted sand that is interpreted
to consist of three megaturbidite beds (fig. 2). The
unit fines upward and in the upper part includes
six mud turbidite beds with thin basal intervals of
finely laminated, dark gray, fine sand and silt that
fines upward to silty clay and clay. A hemipelagic
layer at the top of the unit is yr old15,482 � 100
based on AMS 14C dating.

Unit D (Late Pleistocene). This unit extends
downhole to 366.58 mbsf and consists of thick tur-
bidite beds fining upward from thin intervals of silt
or very fine-grained sand to clay. The AMS 14C dat-
ing of planktonic foraminifers at 262.25 and 316.90
mbsf gave ages of yr and24,982 � 160 32,182 �

yr, respectively.200
Unit E (Late Pleistocene). This unit extends to

495.60 mbsf and consists dominantly of dark gray
siltstone and minor fine-grained moderately indu-
rated sandstone turbidite beds of variable thick-
ness. A greater number of beds occurs in this unit
than in overlying units, and parallel-, wavy-, and
cross-lamination are more common structures here
than in the overlying unit D.

Site 1038. On the basis of core lithology (fig. 2),
the upper 78 m of Hole 1038I can be correlated
reasonably well with reference Hole 1037B. Poor
recovery between 100 and 258 mbsf prevents reli-
able correlation in the middle part of the section
at Hole 1038I. The lower part of the section at Hole
1038I (from 258 to 403 mbsf) cannot be correlated
bed by bed with reference Hole 1037B, but the li-
thology, the structures, and the style of the turbi-
dite beds appear similar to unit E.

Site 35. On DSDP Leg 5, drilling at Site 35 ex-
tended to nearly 400 mbsf in the southern part of
Escanaba Trough, but the section was not contin-
uously cored. Poor recovery and discontinuous cor-
ing resulted in sampling of only about 25% of the
total hole depth. Although recovery was notably
poor in the interval from 106 to 280 mbsf, a 25-m-
thick sand interval between 80 and 105 mbsf was
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Table 1. Accelerator Mass Spectrometry 14C Dates Used to Estimate Sedimentation Rates

Site, core, and section
sampled (cm)

Depth
(mbsf) Age (yr)

Error
(�/�yr)

Ocean
reservoir
correction

(yr)
Corrected

age (yr)
AMS laboratory
sample number

Lithologic
unit

Host lithology and depth to
calculate sedimentation rate

Material
dated

1037B-1H-2 (6-8) 1.56 9480 95 �718 8762 NOSAMS
OS-12352

A H, base at 1.68 mbsf, ∼9436 ka Pf

1037B-3H-4 (97-100) 21.57 11,600 85 �718 10,882 NOSAMS
OS-12620

B H at top of a turbidite Pf

1037B-7H-2 (121-124) 56.81 15,750 70 ) 15,750 NOSAMS
OS-11810

B T, base at 63.6 mbsf Pcs

1037B-7H-3 (124-128) 58.10 35,800 370 ) 35,800 NOSAMS
OS-11811

B T, base at 63.6 mbsf Wa

1037B-8H-CC (26-28);
1037B-9H-1 (0-4)

73.10 20,230 160 ) 20,230 ETH-17054/6 B T, base at 82.47 mbsf C

1037B-8H-CC (26-28) 73.07 43,510 1190 ) 43,510 ETH-17055 B T, base at 82.47 mbsf Wb
1037B-9H-1 (0-4) 73.12 33,590 470 ) 33,590 ETH-17057 B T, base at 82.47 mbsf Wb
1037B-14H-1 (89-92) 121.50 16,200 100 �718 15,482 NOSAMS

OS-13927
C H at top of a turbidite Pf

1037B-29X-2 (135-137) 262.25 25,700 160 �718 24,982 NOSAMS
OS-14127

D H at top of a turbidite Pf

1037B-34X-CC (29-31) 316.90 32,900 200 �718 32,182 NOSAMS
OS-13928

D H Pf

1038I-9X-3 (37-39) 77.77 31,400 300 ) ) NOSAMS
OS-11812

B T, base 84-100 mbsf Wb

Note. Pf, planktonic foraminifers; Pcs, pinecone scale ( cm); Wa, wood ( cm); Wb, wood (!mm-sized pieces); C, charcoal; H,1.5 # 2.0 # 0.4 5.0 # 0.8 # 0.5
Hemipelagite; T, Turbidite. For lithologic units see figure 2.
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correlated with the massive sand interval of unit B
(fig. 2). Sand intervals recovered from ∼160 mbsf
might correspond to the thick basal sand interval
of unit C. Discontinuous and incompletely recov-
ered sandy turbidite beds are also present in the
basal portion of the section between 280 and 382
mbsf and might correlate with unit E in the ref-
erence hole.

Geochronology

Methods. More than 200 samples from Hole
1037B were examined for carbon-rich materials
suitable for 14C dating by AMS. Five samples con-
taining wood and charcoal were extracted from
wood-bearing intervals observed during physical
description of the cores (table 1). The remaining
samples were taken from the topmost clay-and-silt
units of turbidites in hopes of sampling planktonic
foraminifers from hemipelagites, which best indi-
cate the emplacement age of the underlying tur-
bidite. Most of the samples, however, were barren
of foraminifers or contained less than the mini-
mum 10 mg of carbonate material that is required
for AMS 14C dating.

Samples that contained enough planktonic for-
aminifers for AMS 14C dating were evaluated fur-
ther to determine whether the samples were hem-
ipelagic or turbiditic. A census of the benthic
foraminifers was used to reject those samples with
more than ∼20% neritic and upper bathyal taxa in
the 1150-mm fraction. The neritic and upper bathyal
constituents indicate that the samples might be
turbiditic or might contain admixtures of resedi-
mented material. Five samples of planktonic fora-
minifers were accepted for AMS 14C dating.

Foraminifer tests were cleansed of detrital matter
by sonification in a hot 1% solution of Calgon. The
tests were subsequently rinsed in distilled water,
dried, and bottled in clean glass vials. Wood was
rinsed in a dilute (10%) HCl solution to remove
adhering carbonate, then rinsed in distilled water
and bottled in clean glass bottles for shipment.

The AMS 14C analyses were done by the National
Ocean Sciences Accelerator Mass Spectrometry Fa-
cility (NOSAMS). Ages were reported using a ra-
diocarbon half-life of 5568 yr. Ages of planktonic
foraminifer samples were corrected for a regional
ocean reservoir effect of �718 yr (Southon et al.
1990). Ages were not corrected to calendar years,
so they are more comparable to ages reported from
the Washington Scabland (Waitt 1985; Atwater,
1986).

Sedimentation rates in the turbidite sequence at
Hole 1037B were calculated using two sets of cri-

teria, one for turbidites and one for hemipelagites.
Turbidites are deposited over a geologically short
time interval, perhaps days or weeks, and can be
viewed as essentially instantaneous events. Tur-
bidites comingle older reworked sediment with
contemporaneous material. Therefore, interpreta-
tion of dates on samples from turbidites must take
into account both effects in order to estimate sed-
imentation rates. In cases where more than one
sample was dated from a single turbidite, the
youngest age was considered the best estimate of
the age of turbidite emplacement. The appropriate
depth to assign a date from a turbidite is the base
of the bed because emplacement of the turbidite is
essentially instantaneous. In the case of hemipe-
lagites, however, no adjustment for the depth of the
dated hemipelagic sample is needed in order to cal-
culate the sedimentation rate.

Age and Sedimentation Rates. Six dates were se-
lected for use: five dates on planktonic foraminifers
from hemipelagic layers and one date on a large
pinecone scale from a turbidite (table 1; fig. 3A).
The age of the latter is viewed with some caution
as a maximum possible age because the scale is
reworked and could be older than the age of em-
placement of the turbidite. All other dates were
rejected on the basis of the selection criteria dis-
cussed above. Specifically, the dates were made on
pieces of reworked charcoal and wood from turbi-
dites, and the ages were substantially older than
other materials dated from within the turbidites or
from hemipelagic units below turbidites. Dates
range from the early Holocene at yr to8762 � 95
oxygen isotope stage 3 at yr.32,182 � 200

A sedimentation rate curve was plotted using the
six selected dates. Average sedimentation rates ex-
ceeded 10 m/k.yr. below unit A, which is the hem-
ipelagite that caps the sequence (fig. 3A). The upper
part of unit B was deposited at rates averaging 13.8
and 8.6 m/k.yr., and the lower part of unit B, which
is a 150-m-thick sand bed, was deposited essen-
tially instantaneously. Unit C and the upper part
of unit D were deposited at 14.8 m/k.yr., and the
lower part of unit D was deposited at 7.6 m/k.yr.
Measured sedimentation rates are comparable to
previously estimated rates (Normark et al. 1994;
Davis and Becker 1994) and confirm extraordinarily
fast deposition at Escanaba Trough.

Acoustic Stratigraphy

Air-Gun Seismic-Reflection Profiles. The sediment
fill within the axis of the Escanaba Trough extends
more or less continuously at least 75 km northward
from the north flank of the Mendocino Fracture
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Figure 3. A, Sedimentation rate curve for Hole 1037B
based on accelerator mass spectrometry 14C ages of tur-
biditic and hemipelagic intervals (table 1). B, Estimated
volumes of the Missoula-flood-source turbidites in Es-
canaba Trough.

Zone (fig. 4A). The sediment fill locally exceeds 500
m in thickness, and the sea floor is offset along
faults that maintain the axial graben of the Gorda
Ridge. Offset of the sea floor mimics that of the
subbottom reflectors, suggesting that either dis-
placement occurred after the sediment fill was em-
placed or sedimentation was relatively uniform
across the axial graben despite the sea floor offsets.
In general, the upper 200 m of sediment along the
axis appears uniform in reflection character com-
pared with the deeper intervals (fig. 4A) except
where there is possible volcanic intrusion, for ex-
ample, 7 km north of DSDP Site 35.

The high relief of the ridges that bound the Es-
canaba Trough decreases abruptly to the south, and
the southern ends of the ridge flanks, north of the
Mendocino Fracture Zone, are buried by sediment

(fig. 1). An east-west profile across the mouth of
the Escanaba Trough (fig. 4B) clearly shows the
down-dropped axis of the Trough with 1600 m of
sediment fill. The thick sediment fill wedges out
!20 km east of the axis. In contrast, thick sediment
fill characterizes the interridge valleys on the west
flank of Gorda Ridge. The extensive sediment sec-
tion along the north flank of the Mendocino Frac-
ture Zone extends 150 km west (near 129�25�W;
fig. 1).

Deep-Tow 4.5-kHz High-Resolution Profiles. A de-
tailed site survey to obtain deep-tow side-looking
sonar images and 4.5-kHz seismic-reflection pro-
files of the northern Escanaba Trough was con-
ducted several months before Leg 169 (Ross et al.
1996). The grid of high-resolution 4.5-kHz profiles,
with a line spacing of 1–2 km in the area of Sites
1037 and 1038, defines a distinct stratigraphic se-
quence of key reflectors in the upper 70 m of sed-
iment that could be observed throughout the area.
The “type locality” of the key reflectors is from
line ET 09 at the location of Site 1037 (figs. 5A, 6).
Eight key reflectors, denoted from the top down as
B–I, are found on the valley floor and lower bound-
ing terraces within the Escanaba Trough over a
depth range of 1150 m of relief on the trough floor
(fig. 5). Figure 6 shows that the key reflectors cor-
respond to the bases of the thinner, shallower tur-
bidites and to the tops of the turbidites with thicker
sand intervals. The physical properties recorded in
the shipboard core logs mimic the graded bedding
of the turbidites. Three additional, weak, and dis-
continuous reflectors observed at the type locality
(Site 1037) include the shallowest (reflector A), a
reflector that is generally found above D (about a
third of the spacing between C and D), and a re-
flector just above F. These three reflectors were not
recognized over the entire survey area and were not
included as part of the key reflector sequence. The
greatest variability in reflector character is in the
interval between the sea floor and reflector B,
where from none to as many as three reflecting
surfaces were observed locally. Previous studies
have shown that the upper 2 m of sediment in Es-
canaba Trough include thin, locally initiated tur-
bidites that are not laterally extensive (Karlin and
Lyle 1986; Normark et al. 1994). The variable num-
ber of reflectors above reflector B is probably a rec-
ord of these locally restricted turbidites. The pri-
mary characteristics of the B–I sequence of key
reflectors include: (1) thin, distinct parallel reflec-
tions separated by acoustically transparent inter-
vals; (2) prominent reflector pairs (B with C and D
with E) underlain by relatively uniform spacing be-
tween E and F, F and G, and G and H; and (3) com-
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Figure 4. Seismic-reflection profiles (using an air-gun sound source) showing the extent of the sedimentary section
north of the Mendocino Fracture Zone that includes the Escanaba Trough fill. See figure 1 for profile locations. A,
Axial north-south profile extending from the vicinity of Site 1037 to the base of the Mendocino Fracture Zone at the
south end; DSDP Site 35 is 800 m east of the line of the profile, and ODP Site 1037 is 3.7 km west. Intersection
with profile (line 118) in B is shown. Probable fault offsets and volcanic intrusions (gray pattern) are shown. B, East-
west profile across the mouth of the Escanaba Trough near the base of the Mendocino Fracture Zone. C, Profile across
Cascadia Channel west of the area where overflow from the channel feeds turbidity currents southward toward the
Mendocino Fracture Zone; see location in figure 1, inset.
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Figure 5. Deep-tow 4.5-kHz seismic-reflection profiles from the area of DSDP Site 35, ODP Sites 1037 and 1038,
and surface-ship 3.5-kHz profile (D) from the southern limit of Escanaba Trough; see figure 1 for profile locations.
A, Line ET 09 trends northeast-southwest through Site 1037 and shows a distinctive vertical spacing of reflectors
that can be recognized throughout the profile length; the strongest and more laterally extensive reflectors are indicated
by letters B–I; these key reflectors are correlated with the core data from Hole 1037B in figure 6. B, Line ET 04 is a
north-south profile that passes 600 m west of DSDP Site 35; key reflectors B–H are present in the vicinity of the
drill site. C, Line ET 12, which trends north-south, crosses line ET 09 and shows an undisturbed key reflector pattern
at the south end; Hole 1038I, near the top of Central Hill, is at the north end of the profile. D, 3.5-kHz profile shows
the same vertical pattern of reflections observed on the deep-tow images from the drill sites despite the more diffuse
character of the reflectors caused by the much greater acoustic travel path for the surface-ship profile.
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Figure 6. Correlation of the lithology, physical properties, and high-resolution 4.5-kHz profile from reference Hole
1037B. The lithologic log is from graphic sedimentation column (fig. 2) and the 4.5-kHz image is extracted from
figure 5A. The logs for magnetic susceptibility, P-wave velocity, and gamma density are taken from the shipboard
measurements using the Multi-Sensor Track (MST; fig. 17 in Shipboard Scientific Party 1998c). The basis of the
correlation among the sediment log, MST logs, and 4.5-kHz profile is discussed in the text. The low-resolution seismic-
reflection profile segment on the right side of the figure is extracted from line 3 of figure 3.3 in Davis and Becker
(1994); the profile is in the vicinity of Hole 1037B.

mon occurrence on flat areas, slopes, and blocks
separated by apparent faults (fig. 5A, 5B).

The observed range in water depth of the key
reflector sequence suggests that the turbidity cur-
rents were at least 170 m thick after entering Es-
canaba Trough (Normark et al. 1997). The 4.5-kHz
and deeper-penetration seismic-reflection profiles
show that the turbidites of unit B can be mapped
throughout the southernmost 75 km of Escanaba
Trough (fig. 1). The volume of sediment deposited
in the trough is shown in figure 3B. The total
amount of sediment brought to the Pacific plate
through Cascadia Channel is likely to be more than
an order of magnitude greater than the volumes in
Escanaba Trough because only the tops of the larg-
est flows in Cascadia Channel could overflow to
provide sediment in the trough.

Several of the deep-tow survey lines extend south
to the area of DSDP Site 35; line ET 04 passes about
half a kilometer west of DSDP Site 35 and shows

the same distinct key reflector sequence (fig. 5B).
The B-C and D-E pairs are especially distinct in this
southern area, and the deepest reflector observed
is H, about 43 mbsf. The sequence of key reflectors
thus establishes a reasonably strong correlation be-
tween DSDP Site 35 and the reference Hole 1037B.

Part of the key reflector sequence (e.g., the two
pairs of reflectors) is seen on the southern upper
flank of Central Hill, where they are disrupted by
minor faults. These observations can be used to
provide a stratigraphic tie between the reference
Hole 1037B and Hole 1038I.

Stratigraphic Correlations

Hole 1037B: Lithology, Reflection Profiles, and MST
Log Profiles. The graded silt and sand megabeds in
the interval between 1.68 and 63.60 mbsf (most of
unit 2 in Shipboard Scientific Party 1998b) are well
defined in several of the logged parameters from
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the Multi-Sensor Track (MST) (see fig. 6). The
gamma density and P-wave velocity clearly record
both the sharp basal boundary and the grading
within individual turbidite beds. The magnetic sus-
ceptibility profile generally shows sharp bases for
the beds but does not mimic the graded character
as faithfully as the other two MST parameters. Very
thin, graded silty mud beds, however, are well de-
fined by the magnetic susceptibility but are diffi-
cult to detect in the velocity and density profiles
(e.g., the two shallowest beds in unit B; figs. 2, 6).

The key reflectors B–I in the 4.5-kHz seismic-
reflection profile that passes through Site 1037
clearly correlate with the turbidite beds (fig. 6). Re-
flectors B, C, and E correspond to the sharp bases
of the turbidite beds, whereas D and the deeper
reflectors, G, H, and I, correspond to the tops of
graded sand intervals. It is not clear whether re-
flector F is from the base of the graded bed at 32
mbsf or from a thin underlying ungraded sand. Lo-
cally, the discontinuous reflector above F is prob-
ably from the upper part of the shallower, slightly
coarser, and graded bed (fig. 6).

Below the turbidite bed identified as reflector I,
there is a thick section of massive, poorly sorted
sand in which no sedimentary structures survived
the coring process (Shipboard Scientific Party
1998b). This sandy interval extends from 63.60 to
120.60 mbsf and makes up the bottom of unit 2
and all of unit 3 in the original shipboard descrip-
tion (lower part of unit B in this report). The MST
log data, especially the velocity and density pro-
files, suggest that this interval might be one ex-
ceptionally thick-graded megabed (fig. 6).

The high-resolution 4.5-kHz profiles did not re-
solve any reflectors deeper than key bed I except
on rift-valley terraces on the walls of the Escanaba
Trough that stand 1100 m above the axial valley
floor. At the higher elevations, the total thickness
of the key bed sequence (B–I) is thinner, but bedrock
surfaces were observed beneath the sequence with-
out any deeper turbidites (i.e., below reflector I).
Seismic-reflection profiles across the northern Es-
canaba Trough, however, obtained by Davis and
Becker (1994), show a distinct interval of no inter-
nal reflectors that appears to correspond to the
lower part of unit B (fig. 6, right side). Above this
acoustically transparent interval, there are numer-
ous internal reflectors giving a signature that is typ-
ical for turbidite sediment. The observed reflection
character for unit B in the Davis and Becker (1994)
profiles is consistent with the interpretation that
the lower 57 m of unit B represents a single dep-
ositional unit.

Correlation between Drill Sites. The key reflec-

tors observed in the 4.5-kHz seismic-reflection pro-
files provide a compelling stratigraphic tie between
reference Hole 1037B and DSDP Site 35, which was
incompletely cored with the older drilling tech-
niques and had poor recovery in many sections. The
4.5-kHz profiles also provide a tie between Holes
1037B and 1038I. The disruption of the key reflec-
tor pattern across the crest of Central Hill shown
in figure 5C indicates a possible reason for the ob-
servation made by the Shipboard Scientific Party
(1998a) that below about 100 mbsf the correlations
among the nine holes at Site 1038 become more
tenuous. The poor recovery between 78 and 257
mbsf in 1038I limits the correlation of the domi-
nantly sandy section to the upper part of our unit
B, which is the only interval effectively imaged by
the 4.5-kHz profiles, and to the lower part of the
section.

Petrography

Methods. Table 2 gives sample depths and types
of analyses for cores that are included in this study
(see fig. 2 for locations). The samples, which were
collected from the more distinctly coarse-grained
core intervals, were processed by wet sieving to
remove the fraction finer than 62 mm in order to
prepare thin sections of impregnated sand and the
heavy-mineral grain mounts. Sand samples are gen-
erally very fine grained, in the range of 3–4 Ø, and
only a few samples in the lower part of unit B are
medium sand size. Point-counting procedures used
the criteria proposed by Gazzi (1966) and Zuffa
(1980, 1985, 1987) that minimize errors resulting
from the dependence between grain size and rock
composition. This approach to compositional anal-
ysis uses between 50 and 100 petrographic point-
counting classes (table 3, available from The Jour-
nal of Geology office free of charge on request).
From 300 to 400 grains were counted on thin sec-
tions stained for K-feldspar and used for the quartz-
feldspar-lithics (QFL) classification. Grain counts of
special heavy-mineral grain preparations (Gazzi et
al. 1973, p. 26) were conducted by the ribbon
method to tabulate different grain types (i.e., trans-
luscents, opaques, turbids) in order to identify
about 200 transluscent grains from each sample (ta-
ble 4, available from The Journal of Geology office
free of charge on request). The fraction examined
has a grain density 12.96 g/cc (tetrabromoethane)
and a size range of 0.25–0.0625 mm.

Gross Composition. The sand samples are feld-
spatholithic to lithic and fall in the dissected and
transitional subfields of the “magmatic arc” field
of Dickinson (1985; fig. 7A). The recalculated light
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Table 2. Summary of Samples Analyzed for Gross Composition and Heavy Minerals from Ocean Drilling Program
Leg 169, Holes 1037B and 1038I

Sample
number

Core and
Section

Sampled
interval (cm)

Gross
composition

Heavy
minerals

Depth below
sea floor (m)

9 3H-03 57-61 � # 19.69
11 3H-04 82-85 # � 21.44
14 4H-CC 6-8 # # 35.42
16 6H-05 7-9 # � 50.68
18 7H-CC 8-10 # # 63.97
21 9H-07 66-70 # � 82.78
22 10H-02 115-120 # � 85.27
24 12H-04 18-23 # # 106.31
25 13H-03 118-122 # � 115.30
26 15H-01 0-2 � # 130.11
29/29a 17H-07 50-62 � # 158.66
30 18H-07 36-41 � # 167.99
31 19H-06 7-10 # � 175.43
33/33a 21X-CC 26-35 � # 182.81
34 22X-02 100-102 # # 194.71
39 27X-01 15-20 # � 240.38
40/40a 29X-02 29X-02 118-123 130-136 � # 262.17
40b 32X-05 120-126 � # 294.19
51a 42X-02 10-16 # # 385.93
52 42X-04 73-75 � # 389.54
53 43X-CC 13-18 # # 403.49
54 44X-02 126-132 � # 406.39
54a 45X-CC 23-29 # # 418.56
57/57a 49X-06 49X-07 146-148 6-8 # # 460.61
61/61a 53X-01 53X-CC 49-51 24-30 # # 491.24
96 1X-01 29-31 # � 0.30
97 1X-01 125-127 # � 1.26
104 5H-CC 12-14 # # 45.69
107 8X-02 27-31 # � 66.60
108 9X-02 124-126 # # 77.15
109 12X-01 6-8 # � 103.27
110 16X-CC 8-10 # # 141.79
110a 21X-01 14-20 # # 189.87
111/111a 28X-04 135-142 � # 262.99
113/113a 30X-03 8-13 # # 279.00
114 31X-01 83-87 � # 286.95
119/119a 36X-01 35-44 # # 334.49

Note. Samples from 9 to 61/61a are from Hole 1037B; samples from 96 to 119/119a are from Hole 1038I. A cross indicates analyzed;
a minus, not analyzed.

and heavy mineral average composition of modern
sand from deposits of the Columbia River analyzed
by Whetten et al. (1969, p. 1160; i.e., Q 42%, F 27%,
L 31%; orthopyroxene 11%, clinopyroxene 31%,
amphibole 42%) closely matches that of the Es-
canaba Trough sand turbidites. A few samples plot
outside of the main cluster in the “continental
block” and “undissected arc” subfields. One sam-
ple is uncommonly mica rich (sample 53), and three
arkosic samples (14, 17a, and 17b: see Zuffa et al.
1997, table 2) are strongly affected by diagenesis.
The sand samples generally contain an abundant
volcanic component with high plagioclase/K-feld-
spar (P/K) ratios (fig. 7B) and lithic-volcanic/lithic-
sedimentary ratios (fig. 7C). The feldspar compo-
nent consists mostly of pristine plagioclase
(andesine-labradorite) and minor sericitized K-feld-

spar, including rare microcline and fresh sanidine.
The unaltered plagioclase grains that have the same
mineralogical and textural features as the plagio-
clase observed in the phenocrysts of the volcanic
rock fragments have been distinguished as “pristine
plagioclase” during point counting. The mafic vol-
canic component consists mainly of perlitic brown
glass (commonly chloritized), porphyritic grains
with aphanitic or brown vitric groundmass, plagio-
clase, clinopyroxene, orthopyroxene, hornblende
phenocrysts, and Fe-Ti oxides. Volcanic grains of
intermediate composition show a plagioclase mi-
crolithic texture with rare pyroxene and opaque
minerals. Acidic volcanic grains include pristine
glass, glass shards, and pumices, colorless or brown-
ish grains with vitric and felsitic texture, some con-
taining microphenocrysts of plagioclase, quartz,
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Figure 7. Classification of the light-mineral sand fraction integrated for DSDP Site 35 and Holes 1037B and 1038I.
A, arc, arc, arc (Dickinson 1985). C, Lv = lithic volcanics,U = undissected T = transitional D = dissected Lm = lithic
metamorphic, sedimentary (including calcite monocrystals). Samples indicated as DSDP 35 and box coreLs = lithic
are from Zuffa et al. (1997).

and rare K-feldspar. K-feldspar is also locally pre-
sent as a constituent of the groundmass of felsitic
grains. The nonvolcanic fine-grained rock-fragment
component is made up of low-grade phyllite and
slate grains in trace quantities. The coarse-grained
rock fragments are represented by rare granitoid
and gneiss.

Unworn tests and/or fragments of foraminifers
are generally present in low amounts. A few sam-
ples contain significant quantities of spheroidal to
oblate clayey grains that show internal brownish-
dull halos, which are carbon and phosphorous rich
and that mimic the grain contour. These grains are
tentatively interpreted as fecal pellets representing
intrabasinal grains ripped up by the turbidity cur-
rents and subsequently deposited in the coarse-
grained intervals at the base of the turbidite beds.

Volcanic rock fragments make up more than one-
third of the sand component of the Escanaba
Trough sediment and are by far the most abundant
constituents of the fine-grained lithic fraction (fig.
7C). If pristine plagioclase and sanidine are added
to the volcanic rock fragment component, the re-

sult is that more than half of the sand grains of the
Escanaba Trough sediment fill are derived from vol-
canic sources. The QFL plot (fig. 7A) shows little
variation in the Q/F ratio. In contrast, variations
in the fine-grained rock-fragment contents show
scatter of the samples from the QF side to the L
vertex of the triangle. The down-hole distribution
of the ratio integrated for ODP HolesV/(Q � F � V)
1037B and 1038I and DSDP Site 35 (fig. 8) shows
that the volcanic component in the upper 180 m
of the section is generally higher than in the lower
portion of the section.

Heavy Minerals. The heavy-mineral assemblage
is mainly characterized by amphiboles (brown and
green, blue-green hornblende, basaltic hornblende,
and actinolite), clinopyroxene (augite and titanaug-
ite), orthopyroxene (bronzite and hypersthene), and
epidotes (clinozoisite/epidote). Garnet and titanite
are present in almost all samples but in variable
amounts. Other characteristic minerals such as al-
lanite, zoisite, olivine, chloritoid, staurolite, glau-
cophane, sillimanite, kyanite, andalusite, mona-
zite, spinel, and apatite occur irregularly in small
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Figure 8. Down-hole distribution of the volcanic com-
ponent integrated for Holes 1037B and 1038I (this study)
and DSDP Site 35 (Zuffa et al. 1997). grains,V = volcanic

; . Dashed lines indicate the stan-Q = quartz F = feldspars
dard deviation (1j).

Figure 9. Down-hole distribution of garnet, epidote,
amphibole, and clino- and orthopyroxene for Hole 1037B
(upper), DSDP Site 35 (middle; taken from Vallier et al.
1973; Zuffa et al. 1997) and 1038I (lower).

or in trace amounts. Barite and mesitite occur lo-
cally, mostly as authigenic minerals. Some pyrox-
ene and amphibole grains show distinct corrosion
features, resulting from postdepositional dissolu-
tion phenomena (see also Zuffa et al. 1997, fig. 6E).

The down-hole heavy-mineral distribution
in ODP Hole 1037B shows a transition from
an amphibole/clino-orthopyroxene assemblage to
an pyroxene assemblageamphibole-rich � minor
to an amphibole-rich assemblage (fig. 9). The deep-
est 30 m of sediment that overlies the basalt at
507.8 mbsf exhibits a garnet-epidote association.
The sand samples from Site 35 and Hole 1038I show
the same trends; however, there are samples char-
acterized only by the garnet-epidote assemblage

that occur at shallower depths (i.e., samples at
141.8, 189.9, and 236.0 mbsf), which at Hole 1038I
is consistent with a greater degree of hydrothermal
alteration as expected because of the known near-
surface sulfide mineralization.

Discussion

To understand the conditions that produce the
young, thick sediment fill within Escanaba Trough,
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we will (1) discuss the provenance of the turbidite
sand, (2) evaluate the probable pathway(s) for the
turbidity currents to reach the axial valley, and (3)
speculate on the flow processes. The processes that
apply to the upper part of the sequence in the ref-
erence Hole 1037B (from the sea floor to 120 mbsf),
for which there is good seismic-stratigraphic cor-
relation with Site 35 and 1038, can be used to eval-
uate the depositional history for the lower part of
the sediment sequence in the axial valley, for which
there is a weaker correlation.

Provenance. Most of the sand-sized material re-
covered from the turbidite fill of the Escanaba
Trough at DSDP Site 35 is clearly from the North
American continent (Vallier et al. 1973; Zuffa et al.
1997). In spite of the high relief of the Mendocino
Fracture Zone just south of the Escanaba Trough,
this source area can be easily ruled out because of
its oceanic-crust lithology, which does not match
with the gross sand composition characterized by
significant amounts of quartz, K-feldspar, andesitic
to rhyolithic rock fragments, and granitic rocks.

Vallier et al. (1973) and Zuffa et al. (1997) studied
the composition of the Escanaba Trough sands from
DSDP Site 35 although it was cored discontinu-
ously (fig. 2). Studies of the sand fraction from
DSDP Site 35 distinguished two different petrofa-
cies for the source rocks: (1) a facies of lithic arkoses
to litharenites with amphibole and pyroxene in the
upper part of the sediment fill, and (2) a facies of
arkose with only amphibole in the lower part of
the fill. On this basis, the authors related the upper
petrofacies to the Columbia River drainage basin,
while the lower assemblages were related to the
Klamath River source of northern California.

The new data from the samples collected in
Holes 1037B and 1038I are entirely consistent with
the results of Vallier et al. (1973) and Zuffa et al.
(1997) for the upper part of the section. The results
from this study, however, suggest a reinterpretation
of the lower part of the section because the com-
position of the light fraction is not only arkosic but
some samples are litharenitic. In addition, the dis-
tribution of heavy minerals in Hole 1037B (fig. 9)
shows a down-hole transition from amphibole/
clino-orthopyroxene assemblage to amphibole/
clinopyroxene assemblage to an amphibole-rich
assemblage, and finally to an epidote-garnet assem-
blage at the bottom of the section. The epidote-
garnet assemblage also occurs in several samples
from the intermediate part of Hole 1038I (fig. 9)
that is affected by severe hydrothermal alteration
(Shipboard Scientific Party 1998a). This observa-
tion suggests diagenetic changes within the heavy-
mineral component in the section and further

indicates an increasing effect of intrastratal disso-
lution with subbottom depth (e.g., Scheidegger et
al. 1973). The data indicate that the effects of the
hydrothermal fluids reach a maximum in the per-
meable intervals of the section (samples at 141.8
and 189.9 mbsf, table 2).

The trends noted above (i.e., the down-hole
change of the amphibole/clino-orthopyroxene as-
sociation to an amphibole-rich association) are
most likely related to diagenesis and not to differ-
ences in the sediment-source areas. The down-hole
distribution of the ratio for ODPV/(Q � F � V)
Holes 1037B and 1038I and DSDP Site 35 (fig. 8)
shows that the volcanic component in the upper
part of the section is generally higher than in the
lower part of the section. Sediment from the upper
177.60 m of the section (fig. 2) is related to the
stages of Wisconsinan deglaciation. It can be ob-
served that a significant amount of sand derived by
pyroclastic fall, surge, and flow volcanic activity
was likely deposited and stored within the glaciers
during the Wisconsinan ice accumulation phases
when onland erosion was necessarily limited and
volcaniclastic grains were the only clastic sediment
available. During deglaciation this sand was then
released, thus increasing the content of the vol-
canic component of the discharged sediment. We
conclude that a distinct terrigenous supply from
the northern California rivers is not demonstrated,
and the bulk of the Escanaba Trough sediment is
mostly derived from the Columbia River drainage
basin.

Pathway. The simplest pathway to envision for
the transportation of sediment from the mouth of
the Columbia River to the Escanaba Trough is to
assume southward flow along the base of the con-
tinental slope. A generally southerly trending chan-
nel (the Astoria Channel) on the Astoria fan ex-
tends from near the fan apex, which is close to the
Columbia River mouth, south to about the Blanco
Fracture Zone (fig. 1, inset). The average rate of
deposition for Pleistocene turbidites at DSDP Site
174, which lies on a broad levee about 35 km west
of the axis of Astoria Channel, is about 0.25 m/
k.yr. (Shipboard Scientific Party 1973). This average
rate is more than an order of magnitude less than
those for units B through D (as defined in this re-
port) in Escanaba Trough (fig. 3A). Recent work has
shown that the Astoria channel formerly continued
south across the Blanco Fracture Zone. Wolf et al.
(1999) compiled available seismic-reflection data
from the Gorda plate and found that the Astoria
channel extended almost to the Mendocino Frac-
ture Zone, but it is now sediment filled for most
of its length south of 44�N. New multibeam bath-
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ymetric data indicate that the Astoria channel has
been blocked by the Heceta megaslump that oc-
curred about 110 ka (Goldfinger et al. 2000). The
age of the Heceta failure, therefore, substantially
predates deposition of the section recovered at ref-
erence Hole 1037B.

The compilation of 3.5-kHz seismic-reflection
profiles as part of the study by Wolf et al. (1999)
did not record deposits showing an acoustic char-
acter similar to that of the upper 60 m of sediment
at Hole 1037B (S. Wolf, pers. comm., 1998). Because
the thickness of the turbidity-current flow in the
Escanaba Trough was at least 170 m (Normark et
al. 1997), it is likely that some record of the passage
of the flows should have been left on the Gorda
plate south of the Blanco Fracture Zone if the As-
toria channel had been the main pathway to the
Escanaba Trough and if turbidity currents from the
Astoria Channel were not blocked by the Heceta
slump.

ODP Site 1020 is on a small hill about 100 m
high that lies along the west side of the Astoria
channel trace on the Gorda plate (fig. 1, inset). A
few graded, sandy silt beds were recovered in the
upper 15 m during coring at this site, but there were
no thick turbidite sand beds (Shipboard Scientific
Party 1997). The average sedimentation rate at this
site is 0.1 m/k.yr., which is about two orders of
magnitude less than the deposition rate in Escanaba
Trough. Turbidity currents as thick as those that
entered the Escanaba Trough would be expected to
have left more sediment on the hilltop that stands
only about 100 m above the channel. In addition,
Site 1020 is on the right-hand side (looking down-
channel) of the trace of Astoria channel, and the
effects of the Coriolis force would have resulted in
thicker flow on the right side. Finally, the petrog-
raphy of the sand grains in two beds at Site 1020
from 0.80 mbsf and 2.47 mbsf are more consistent
with a source from a northern California river
(G. G. Zuffa and F. Serra, unpub. data).

The evidence presented above is mostly circum-
stantial and does not preclude the possibility that
turbidity currents generated offshore of the Colum-
bia River might have flowed south along the mar-
gin; there is, nevertheless, little observational sup-
port for this eastern pathway.

The seismic-reflection data (e.g., fig. 4B) show
that the sediment fill of the Escanaba Trough at its
intersection with the Mendocino Fracture Zone
wedges out to the east. Available high-resolution
3.5-kHz reflection profiles show that the sequence
of key reflectors seen in the deep-tow records from
the northern part of the Escanaba Trough can be
recognized along the same tracklines depicted in

figure 4A and 4B (fig. 5B and 5D, respectively). Sim-
ilar to the reflector geometry seen in the deeper
penetration air-gun profile of figure 4B, the 3.5-kHz
data at the southern end of the Escanaba Trough
shows that the key reflector sequence in the upper
part of the section thins eastward and becomes un-
recognizable. Locally, the lateral equivalent to the
key reflector sequence appears to onlap sediment
of the Gorda plate to the east.

West of the Escanaba Trough, the sediment ac-
cumulation locally exceeds that along the axis of
the rift valley. The key reflector sequence, however,
is not unequivocally recognized west of longitude
128�W. Normark and Reid (1998) show that the
thick sediment accumulations along the northern
flank of the Mendocino Fracture Zone are contig-
uous with the Tufts fan and abyssal plain to the
north (fig. 1). The apex of the Tufts fan is near the
current exit of the Cascadia Channel from the
Blanco Fracture Zone. Long-range side-looking so-
nar images show patterns similar to channel and
lobe features that have been described from large
modern turbidite systems (Normark and Reid
1998). The backscatter pattern on the side-looking
sonar images indicates southerly dispersal of sed-
iment.

The seismic-reflection and side-looking sonar
data available from the western flank of Gorda
Ridge provide reasonable evidence for concluding
that the main pathway for turbidity currents flow-
ing to the Escanaba Trough was on the Pacific plate
(fig. 10). The pebble-grade sediment with an eastern
Washington provenance that was recovered from
Cascadia Channel west of the Blanco Fracture Zone
(Griggs et al. 1970) suggests that overflow from the
Cascadia Channel near its exit from the Blanco
Fracture Zone deposited turbidite sediment on the
Tufts fan and that part of the flows continued
south, where they were deflected eastward by the
Mendocino Fracture Zone before being intercepted
by the axial rift in the Escanaba Trough. The Cas-
cadia channel at the point of overflow to the Tufts
fan is 1200 m deep; immediately to the west of
Tufts fan, the channel is observed to be deeply
eroded into the turbidite sequence of the Tufts
Abyssal Plain (fig. 4C). The relief of the Cascadia
Channel suggests that only the largest turbidity
currents could overflow onto Tufts fan and provide
a source for Escanaba Trough fill. Thus, even if all
the Lake Missoula flood events resulted in hyper-
pycnally generated turbidity currents, only the larg-
est of these would be recorded in Escanaba Trough.

Missoula Floods. The age of the graded sand beds
from the upper 120 m (unit B) of the reference Hole
1037B and the sediment source in eastern Wash-
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Figure 10. Schematic map showing glacial Lakes Missoula and Columbia and the probable submarine pathways to
Escanaba Trough for sediment carried by floods from the glacial lakes after passing through the Columbia River
drainage basin. Offshore bathymetry modified from Grim et al. (1992) and subaerial features from Baker and Bunker
(1985); bold line indicates edge of the Cordilleran ice sheet.

ington suggest that the Escanaba Trough megatur-
bidites of unit B are the result of the late Wiscon-
sinan catastrophic floods from glacial Lake
Missoula (fig. 10). Although several aspects are still
unsolved in the history of the Channeled Scabland
after almost a century of controversy, several lines
of evidence from the voluminous published liter-
ature (reviewed by Baker and Bunker 1985), recent
paleomagnetic data (Steele 1991), studies on loess
deposits (McDonald and Busacca 1988), studies of
mammal fossils (Spencer 1989), ages of tephra lay-
ers (Crandell et al. 1981), and mathematical models
(Clarke et al. 1984) support the idea that Lake Mis-
soula, in late Wisconsin time, released a number
of glacial outburst floods, or jökulhlaups. Waitt
(1985) and Atwater (1986) support the hypothesis
that a large number of Missoula floods (40–89) oc-
curred in a time interval of 2000–2500 yr (between
15.3 and 12.7 ka; Waitt 1985). Baker and Bunker
(1985), O’Connor and Baker (from hydraulic cal-
culation; 1992) and Shaw et al. (1999), all in agree-
ment with Bretz (1969), argue for one very large
cataclysmic flood in late Wisconsin time, which
could eventually have been followed by later,
smaller floods.

Unit B is a fining- and thinning-upward sequence
of turbidite sand beds with very few thin hemipe-
lagic interbeds (fig. 2). The lowermost 57 m of unit
B consists of 180% sand, including 5% medium-
to very coarse-grained sand (2–0.25 mm), which is
unusual in the entire section. There are no litho-
logic variations in this interval, except for grading
in the upper 17 m. The soupy nature of most of the
recovered sand precludes a firm interpretation, but
the lack of mud or clay chips indicates there prob-
ably were no breaks in this sandy interval, sug-
gesting that it can be interpreted as a single mega-
turbidite bed or a series of amalgamated thick
turbidite beds. Additional evidence that this thick
sandy interval may be a single depositional unit is
the lack of internal reflectors in profiles from the
northern part of the Escanaba Trough (Davis and
Becker 1994). Our age determinations from on top
of and immediately below this interval are

and yr, respectively,15,750 � 70 15,482 � 100
consistent with very short-lived, single-event
deposition.

The upper half of unit B forms a distinct fining-
and thinning-upward sequence of about 10 graded
beds ranging from 12 to 3.5 m thick (fig. 2). This
part of unit B corresponds to the key reflector se-
quence that can be traced throughout the Escanaba
Trough. Key reflector C overlies a thin hemipelagic
mud dated at yr. This implies that the10,882 � 85
upper part of unit B was deposited in !5 k.yr.

Atwater (1987, p. 185) reports a 14C age of
yr from detrital wood found near the14,490 � 290

middle of a 115-m-thick glaciolacustrine section
consisting of varved intervals of 15–55 beds inter-
stratified with graded beds near Manila Creek,
which is a tributary to the Sanpoil River of glacial
Lake Columbia. This glaciolacustrine deposit con-
tains 89 beds that have been related to the Missoula
floods of Fraser age. It has been suggested that if
flood-bed thickness and grain size are proportional
to flow discharge, then there is a trend toward
smaller events through time for the Missoula floods
(fig. 3B; Waitt 1980; Atwater 1986, 1987; Smith
1993).

Below unit B, there is a lithologically similar se-
quence that is 57 m thick and fines upward. About
35 m of sand at the base of unit C appears to com-
prise three turbidite beds that fine upward to mud
turbidite beds with a thin fine-grained sandy base.
The top of unit C is yr old, and the15,482 � 100
base is younger than 25 ka, based on the date from
the middle of unit D. Unfortunately, no date was
obtained from the basal part of the unit, but we
suggest that the thinning- and fining-upward se-
quence of unit C could record earlier jökulhlaups
from the Columbia River drainage area.

The observations above suggest that the unit B
and perhaps the unit C sequences of graded beds
represent the deep-sea sedimentary record of the
Lake Missoula glacial outburst floods. The floods
entered the ocean close to the heads of Astoria and
Willapa Canyons (fig. 10) when sea level was about
60–70 m below present. The exceptionally high dis-
charge rate and sediment load of many of the Mis-
soula events were likely to have generated hyper-
pycnal gravity flows (Mulder and Syvitski 1995;
Mutti et al. 1996). The largest of these events gen-
erated turbidity currents that were capable of reach-
ing the Escanaba Trough.
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Unit D consists of thick-bedded muddy turbi-
dites locally with fine sand bases. A sedimentation
rate of 7.6 m/k.yr. was calculated from two ages in
the unit, 24,982 and 32,182 yr at 262.25 and at
316.90 mbsf (table 1), respectively, which is slower
than that of the overlying sandier units B and C. If
a similar rate of sedimentation characterizes the
lower part of unit D, then the bottom of the unit
at 366 mbsf would be about 40 ka. Unit D and unit
E, which is slightly sandier than unit D, probably
were deposited during oxygen isotope stage 3 (Mar-
tinson et al. 1987), when sea level was lower than
at present and more variable.

Conclusions

Depositional geometry, high-resolution stratigra-
phy, and sand composition indicate that the oce-
anic rift-valley sedimentary fill of the Escanaba
Trough was derived dominantly from the Columbia
River. This sediment reached the Escanaba Trough
through the Cascadia Channel and the Tufts abys-
sal plain, flowing along the north flank of the Men-
docino Fracture Zone ridge and entering the oce-
anic rift valley flowing toward the north (fig. 10).
Two fining- and thinning-upward turbidite se-
quences (units B and C), which together are 175 m
thick, were cored below the thin surficial Holocene
hemipelagic interval of mud. The two sequences
have AMS 14C ages from 16 to 11 ka and a depo-
sition rate from 9 m/k.yr. to essentially instanta-
neous (fig. 3A). The type of sequence and the com-
position of sand, age, and deposition rate suggest

that these turbidite beds were derived from the
Lake Missoula outbursts during Wisconsinan de-
glaciation. Many of the jökulhlaups from the glacial
lakes continued flowing as hyperpycnally gener-
ated turbidity currents on entering the sea at the
mouth of the Columbia River and were able to
reach the oceanic ridge valley of the Escanaba
Trough, resulting in a submarine transport path of
11100 km.
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