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Introduction:
During the Last Glacial Maximum (LGM), between ~19,000-26,500 years ago (Clark et al.,
2009) much of northwestern North America was covered by the Cordilleran Ice Sheet (CIS).
Although the Cordilleran ice sheet was the smallest of the ice sheets during the LGM, it was
comparable in size to modern-day Greenland, covering much of British Columbia and, at its
southernmost extent, reaching into northern Washington and Idaho, and northwest Montana
(Seguinot, 2014).
At the southernmost margin of the ice sheet, several ice-dammed glacial lakes formed, including
glacial Lakes Missoula and Columbia (Pardee, 1942; Bretz, 1928;Johnson, 2011). Glacial Lake
Missoula was up to 610 meters deep, covered about 322 squared meters, and contained over
2000 cubic kilometers of water, held back by an ice dam that was as much as 762 meters tall
(Pardee. 1942; Bretz, 1969; Smith, 2006). Glacial Lake Columbia was directly in the path of the
flood outburst from Glacial Lake Missoula (Atwater, 1987) These ice dams intermittently failed
during the end of the last ice age, generating dozens of megafloods over several thousand years
that would flow through the Columbia River’s drainage system (Bretz, 1969; Waitt, 1980). The
megafloods would travel from western Montana, through eastern and central Washington, until
finally draining out into the Pacific Ocean through the Columbia River. (Bretz 1925, O’Connor
and Baker, 1992). Sediments associated with these floods were routed down the Astoria and
Willapa canyon systems on the continental slope adjacent to the mouth of the Columbia (Beeson
et al., 2013), and spread hundreds of kilometers across the Juan de Fuca and Pacific plates
(Normark et al., 2003).
Since the LGM Willapa Canyon has been recharged with sediment from the Columbia River,
transported to the north and west across the continental shelf by prevailing wave/current systems
driven by winter storms (Sternberg, 1986). In the modern environment, intermittent turbidity
currents in the submarine canyons from failure of sediment overburden accumulated at the
canyon heads are thought to be intermittently triggered by winter storm events (Wright and
Nittrouer, 1995). However the largest and most energetic turbidity currents of the past 10,000
years on the continental slope of the Pacific Northwest are triggered by seismic events
(Goldfinger et al., 2012). The timing of 21 major regional earthquakes over the past 12,000 years
are well constrained in the turbidite record of Astoria Channel , its adjacent canyons, along the
northern Juan de Fuca Cascadia Channel (Goldfinger et al., 2016). While the spatial extent of
turbidity currents triggered by earthquakes is variable from event to event, in aggregate it is
probable that they influence deposition on much of the lower continental slope on this margin.
In 2017, R/V Oceanus Oregon State Ship Time cruise OC1706B (with a science party including
three Research Experience for Undergraduate interns) collected a number of multi-, gravity, and
jumbo piston cores from the continental margin adjacent to the Columbia River littoral cell
(Figure 1). The goal of this cruise was to recover materials appropriate for paleoenvironmental
reconstructions of the Pacific Northwest, including oceanographic as well as onshore processes
(e.g. changes in precipitation, erosion, and flooding) recorded in the discharge from the

Columbia River.

Figure 1: Locations of jumbo piston and large gravity cores collected on cruise OC1706B. Each
site is labeled with the name and type of core taken. Core 02JC is located on the lower
continental slope near the base of the Willapa Canyon in 2263m water depth.
Sedimentation on the continental slope adjacent to Astoria and Willapa Canyons is likely to be
impacted by variability in sediment supply associated with changes in the drainage basin and
discharge conditions of the Columbia River, including events such as the episodic drainage of
Glacial Lakes Missoula and Columbia. However turbidity currents, triggered by failure of
sediment overburden at the canyon heads by large storm waves (Wright and Nittrouer, 1995)
and/or earthquakes associated with the Cascadia Subduction Zone (Goldfinger et al., 2016), also
influence sedimentation on this margin. Much remains unresolved about the spatial scale over
which either of these factors dominates depositional processes on the lower continental slope.
Materials and Methods:
Jumbo Piston Core OC1706B 02JC, was collected on the lower continental slope near the base of
the Willapa Canyon (46° 19.4178 N, 125° 42.4543 W; Figure 1) at a water depth of 2263m. The
core location, perched atop a small tectonic rise of 567m, was selected to be out of the main flow
path of turbidity currents channeled down the canyon system. As such it was anticipated the site
would accumulate finer sediment with few episodes of erosion, maximizing completeness of the
stratigraphic record and allowing for reconstruction of the prehistoric discharge of the Columbia
River as well as the regional environmental variables associated with those changes. The

recovered core is 648.5 cm long, composed of hemipelagic silty clay interspersed by silty sand
and sandy silt layers between ~90-570 cm (Figure 2).
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Figure 2: Photographic images of archive (A) halves of the 5 sections of core OC1706B-02JC
after splitting. Depth markers are placed 10cm apart starting at the top of 1A with the bottom of
each core section aligning with the top of the next (i.e. bottom of 1A is stratigraphically
immediately above the top of 2A).

Shortly following core OC1706B 02JC’s recovery, it was analyzed using the Oregon State
University multi-sensor physical properties track (MST), ITRAX x-ray fluorescence (XRF), and
the Lois Bates Acheson Veterinary Hospital Toshiba Aquillon 64-slice Computed Tomography
(CT) scanner. The CT scans, collected before splitting and processed using SedCT Matlab tools,
measures the x-ray attenuation of the sediment, which is primarily a function of density (Reilly et
al., 2017). This allows for the generation of cross-sectional images revealing sedimentary
structures within the core and a high-resolution proxy for sediment density. The XRF data,
collected from the split core surface, provides a high-resolution reconstruction geochemical
variability within the sediments. Following these non-destructive analyses, a basal sample of
18,280 +/- 100 14C years was collected for a preliminary radiocarbon date and the core was then
archived at the OSU-MGR pending future study.
The MST, CT, and magnetic susceptibility data identify seven distinct lithological units (Figure
3). Intervals of high density and high magnetic susceptibility correspond to coarser grain-sizes
found near the base of turbidite deposits (c.f., Goldfinger et al., 2012). These high-density layers
are highly variable in both structure and composition. To understand what drove these changes in
sediment deposition, we generated a chronology of when these events occurred using stable
oxygen isotope ratios and radiocarbon measurements from foraminifera.
Sub-samples of the core were freeze-dried, washed, and sieved for planktic and benthic
foraminifera. The species of foraminifera picked for stable isotope analysis included planktics
Neogloboquadrina pachyderma and Globigerina bulloides, and benthics Uvigerina peregrina,
and Cibicidoides wuellerstorfi. Prior to analyses, all foraminiferal samples were carefully
cleaned with ethanol then milli-Q ultrapure water via ultrasonic bath, then dried in a lowtemperature oven. The foraminiferal samples were then sent to the University of Washington for
analysis at the IsoLab. Analyses of stable oxygen and carbon isotopes were performed
simultaneously for each sample via Kiel III Carbonate Prep Device coupled to a dual inlet
Thermo Finnigan Delta Plus isotope ratio mass spectrometer. Stable oxygen isotopes,
particularly in benthic foraminifera, are predominantly influenced by global ice volume (Zeebe
1999). Therefore the shift from very high to less enriched d18O values in the core can be used to
identify the timing of the last glacial/interglacial transition, between 14,500-11,500 years ago,
leading into our current era of stable climate known as the Holocene.
Mixed-species planktic and benthic foraminiferal samples were also picked for radiocarbon
dating. Samples were cleaned following the same ultrasonic bath technique described for stable
isotope analyses, then were dried and weighed. Samples were then were subjected to a weak
0.1M HCl leach to remove 10% of the outermost calcite to minimize diagenetic contamination,
following which they were rinsed 3x in milli-Q ultrapure water, dried and re-weighed. Samples
were then loaded into vacutainers and sent to the Keck Accelerator Mass Spectrometry facility at
the University of California Irvine for radiocarbon analyses. Raw radiocarbon dates were then
converted into calendar ages using the MARINE13 curve in CALIB 7.10, using a regional prebomb surface reservoir age of 420 ± 40 years for the planktic dates. The single benthic date (1-3
cm) was calibrated using a reservoir age of 1320 ± 100 years, estimated via paired-benthic
planktic dates in the late Holocene from a sediment core similar water depth on the continental
slope (Walczak, pers. comm.). The calibrated dates were then used to generate a Bayesian age
model via the matlab routine Undateable (Lougheed and Obrochta, 2019).

Results:
Stratigraphic units A-F are defined by coherent changes in sediment density, magnetic
susceptibility, and physical structure (Figure 3). Unit A is homogenous hemipelagic silt/clay,
with low magnetic susceptibility, low density, and little preserved physical structure. Unit B is
comprised of sandy silt with high density, but low magnetic susceptibility, and appears massive.
Unit C has overall high magnetic susceptibility, with abundant depositional structure showing
recurring deposition of a coarser lithology (silt/fine sand) covarying with changes in density.
Unit D has density structures similar to C, but magnetic susceptibility is anomalously low. Unit
E has minor changes in density that no longer covary with magnetic susceptibility, which trends
lower with increasing depth in this and the underlying unit. Unit F is homogenous silty clay,
much like unit A, with nominally higher magnetic susceptibility and density.

Figure 3: CT image of core, CT number density (g/cm3; orange), gamma-ray attenuation
density (g/cm3; blue), and magnetic susceptibility (black) against core depth (cm) for core
OC1706B-02JC. Note that in the CT image brighter layers correspond to high density, while
darker layers correspond to low density.
The radiocarbon-based Bayesian age model indicates that sedimentation rates in the core range
from ~5 cm/kyr to ~150 cm/kyr and broadly increase with depth (Figure 4). The base of the core
was deposited ~20,000 years ago, towards the end of the Last Glacial Maximum. The onset of
the Holocene ~11,500 years ago occurs at 100 ± 10 cm depth in the core, in approximate
agreement with the stable isotope data which indicates an abrupt transition toward Holocene

values between 77.5 – 73.5 cm depth (Figure 5). The surface of the jumbo piston core is ~900
years B.P., likely reflecting the loss of uppermost sediments during the coring process.

Figure 4: Bayesian age-depth model for OC1706B-02JC showing mean age (solid black) as well
as 1-s (dashed purple) and 2-s (dashed green) uncertainty envelopes.

Figure 5: Plot combining the interpolated CT and MST density, and magnetic susceptibility
against time. The colors on the y axis represent the same lithologic section as in Figure 3.

Discussion:

Based on this age model, the base of stratigraphic Unit A is 10,430 cal B.P. It thus appears that
this interval of homogenous bioturbated hemipelagic sedimentation characterizes deposition
during the stable climate of the Holocene. We do not observe sedimentologic preservation of
distal turbidite tails associated with even the largest turbidity currents triggered down the
Willapa Canyon system by the 21 well-dated ruptures of the Cascadia Subduction Zone on this
margin over the past 12,000 years (Goldfinger et al., 2016).
The massive unit characterizing Unit B was likely deposited during a single event ~10,900 B.P.
This high density but relatively low magnetic susceptibility unit is geochemically distinct from
the over and underlying lithologies, reflecting deposition of sediment comparatively enriched in
K/Ti and potentially indicating a felsic source.
Deposited between 10,900 and 19,500 years ago, Unit C appears to span the most recent glacial
termination, recording over two dozen distinct turbidite tails, characterized by a silty-sand
lithology coarser than surrounding sediments as well as peaks in both magnetic susceptibility and
density. The covariance of magnetic susceptibility and density may both reflect this increase in
average grain size, however XRF data again indicates that these units are geochemically distinct
from surrounding sediment. We hypothesize these units reflect episodes of massive sediment
delivery to the continental margin associated with megafloods routed out the Columbia River
produced by the failure of ice-dammed lakes (e.g. Missoula, Columbia) on the southern margin
of the Cordilleran Ice Sheet during its period of northward retreat out of the drainage basin. We
note that the uppermost boundary of this unit post-dates the last known terrestrial dates for the
existence of Glacial Lakes Missoula and Columbia Hanson et. al, 2016). It is possible these latest
megaflood units reflect the drainage of other, less-studied large ice-dammed lakes that formed in
the Columbia drainage basin as the Cordilleran retreated to the north (e.g. Glacial Lake Purcell;
Peters and Brennard, 2020).
Unit D, situated in the midst of the record of regional ice sheet retreat, appears to be capped by a
deposit reflecting a sediment delivery event to the margin that was exceptional in size even
relative to the surrounding megafloods. We hypothesize this unit also delivered a great deal of
sedimentary carbon to the core site, fueling anoxic microbially-mediated diagenesis of magnetic
minerals that extended into underlying sediments and driving the exceptionally low magnetic
susceptibility that defines the interval. Based on the age model, this event likely occurred
~18,000 years ago, and may reflect the marine signature of the Bonneville Flood. The Bonneville
Flood occurred 18,300 years ago (Oviatt et al., 1992), The Bonneville Flood was a result of
Lake Bonneville, the largest Pleistocene paleolake, draining out into the Snake River as it
overflowed(Richards, 1995)
The lowermost stratigraphic Units, E and E2, reflect deposition that occurred between 19,500
and 22,000 years ago, spanning the advance of the Cordilleran ice sheet to and occupation of its
southernmost extent (Carlson & Clark, 2012). This interval is characterized by homogenous silty
sedimentation at the base, and we hypothesize this reflects background sediment delivery from
the Columbia River during LGM ice sheet advance during which no megaflood events sensostricto, or at least no floods of sufficient size to be recorded via depositional structure at this site.
The latter part of this interval shows faint preservation of a number of smaller turbidite tails, with

timing approximately coincident with the earliest terrestrial evidence for the formation of Glacial
Lake Missoula.
Conclusions
Site 02JC does not appear to record Holocene turbidity currents triggered down the Willapa
Canyon system, even during the largest 9.0 magnitude earthquakes. Similarly turbidite tail
preservation is absent from the lowermost sediments deposited during sealevel lowstand at the
Last Glacial Maximum. We thus hypothesize that turbidite preservation at this site likely reflects
sediment delivery events of exceptional magnitude during regional deglaciation, including
Glacial Lakes Missoula and Columbia as well as Lake Bonneville. The continued existence of
megaflood deposits at the site in late deglaciation support the possibility that other ice-dammed
lakes formed on the southern margin of the Cordilleran as it retreated out of the Columbia
drainage basin. The apparent comparable size of the ensuing deposits in the stratigraphic record
support the idea that the younger lake(s) also produced megafloods of a scale capable of
contributing to significant landscape evolution in the Channeled Scablands (Peters and
Brennand, 2020).
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