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Spatially limited mud turbidites on the Cascadia margin:
segmented earthquake ruptures?
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Abstract. A series of 23 thin, mostly mud-silt turbidites are
found interspersed between larger, well-dated and regionally
correlated paleoseismic sandy turbidites that extend along
most of the Cascadia margin, northwestern United States.
Investigation of the structure, distribution, and sedimentol-
ogy of these thin mud-silt units supports the interpretation of
these units as turbidites originating on the continental slope.
Interpretation of mud turbidites is inhibited by bioturbation
and lower response to analytical and imaging techniques;
nevertheless most of the 23 interpreted beds exhibit most
of the characteristics of coarser turbidites. These character-
istics include sharp bases, fining upward sequences, darker
color, increased gamma and CT density and magnetic sus-
ceptibility relative to the hemipelagic background, sparse
microfossils, high lithic content, and evidence of transport
from marine sources on the continental slope. New core data
from sites south of Rogue Apron indicate that sandy and
muddy turbidites may be correlated at least 150 km south to
Trinidad Plunge Pool for the period∼ 4800 yr BP to present.
Many of the mud turbidites initially described at Rogue
Apron coarsen southward, becoming sandy turbidites. High-
resolution Chirp seismic profiles reveal that turbidite stratig-
raphy along the base of the southern Cascadia continental
slope is continuous, with little variation for at least 240 km
along strike. The Chirp data show that turbidites along the
Cascadia base of slope are ubiquitous, and likely not sourced
solely from submarine canyon mouths, but may also have
been delivered to the proximal abyssal plain as sheet flows
from the open continental slope and coalescing local sources.
Regional stratigraphy reveals that hemipelagic sedimentation

rates and total Holocene turbidite thickness and mass are
similar at widely separated sites, yet the total thickness of
the Holocene section is greater by a factor of two in southern
Cascadia. This difference is primarily due to the presence of
the 21 mud and two additional sandy turbidites. We conclude
that the Cascadia mud turbidites are ubiquitous along south-
ern Cascadia only, with only one likely example of a corre-
lated turbidite limited to the northern margin. Eight onshore
sites including three marsh sites and five lakes include po-
tential seismogenic correlatives of the southern Cascadia tur-
bidites. In all, the onshore sites may have recorded> 80 %
of the events attributed to plate boundary earthquakes off-
shore during the period 0–6000 yr ago. Slope stability cal-
culations suggest that earthquakes ofMw = 7.0 or greater
should generate ground accelerations sufficient to destabilize
open slopes and canyon heads with or without excess pore
fluid pressure. Estimates of Mw for segmented ruptures are
in the range of 7.4–8.7, exceeding the slope stability criteria
for typical slopes by at least a factor of∼ four.

1 Introduction

Quantifying the temporal and spatial patterns of great sub-
duction earthquakes through time remains elusive because
our instrumental strain observations (GPS, strain meters,
and seismology) commonly span one seismic cycle or less.
Fundamental questions regarding segmentation, clustering,
and the applicability of long-term slip models remain unan-
swered because we rarely have a long enough temporal and
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spatial earthquake series. Paleoseismology addresses these
issues directly by using a longer span of time, adding new
insights into the workings of major fault systems.

Onshore paleoseismology first illuminated the Cascadia
earthquake record, and similar investigations are underway
in other subduction systems. Coastal records can typically
define earthquake histories over the past 1000–3000 yr, with
scattered longer records. The marine sedimentary record
contains a long and uninterrupted turbidite record that can
be readily sampled to lengths of∼ 10 000 yr, more than
enough to encompass many seismic cycles. In recent years,
turbidite paleoseismology has been developed in Casca-
dia (Adams, 1990; Goldfinger et al., 2003a,b, 2008, 2009,
2012; Dallimore et al., 2005; Blaise-Stevens et al., 2011;
Enkin et al., 2013), Japan (Inouchi et al., 1996; Shiji et al.,
2000a,b; Nakajima and Kanai, 2000; Noda et al., 2008),
the Mediterranean (Anastasakis and Piper, 1991; Kastens,
1984; Pareschi et al., 2006; Cita and Aloisi, 2000), the Dead
Sea (Niemi and Ben-Avraham, 1994), the Northern San An-
dreas Fault (Goldfinger et al., 2003a,b, 2007, 2008); Sumatra
(Patton et al., 2009), the Marmara Sea (McHugh et al., 2006),
New Zealand (Pouderoux et al., 2012), and in numerous in-
land lakes (e.g., Karlin et al., 2004; Schnellman et al., 2002;
Moernaut et al., 2007; Waldmann et al., 2011; St-Onge et al.,
2004; Seitz and Kent, 2005; Strasser et al., 2006; Chapron et
al., 2006) and many other localities.

Turbidite paleoseismology requires discrimination be-
tween earthquake generated turbidity currents, and those
triggered by other mechanisms. Adams (1990) suggested
four plausible mechanisms for turbidity current triggering:
(1) storm wave loading; (2) great earthquakes; (3) tsunamis
and (4) sediment loading. To these we add (5) crustal earth-
quakes, (6) slab earthquakes, (7) hyperpycnal flow, and
(8) gas hydrate destabilization. All of these mechanisms can
and do destabilize slopes and may be related to the trigger-
ing of turbidity currents, but can earthquake-triggered tur-
bidites be distinguished from others? Two approaches may
be used to help distinguish seismic from non-seismic tur-
bidites: (1) sedimentological determination of turbidite ori-
gin, and (2) regional turbidite correlations that require syn-
chronous and widespread (i.e., earthquake) triggering. The
development of methodologies to apply these two tech-
niques to local and regional submarine paleoseismic prob-
lems are discussed extensively in Adams (1990), Goldfinger
et al. (2003a, 2007, 2008, 2009, 2012), Shiki et al. (2000),
Nakajima and Kanai (2000) and other sources.

A series of 19 Cascadia turbidites has been attributed to
great subduction earthquakes based on stratigraphic corre-
lation, radiocarbon evidence, consistency over much of the
1000 km length of the Cascadia margin, and close corre-
spondence with other lines of evidence from paleoseismic
sites onshore (Adams, 1990; Goldfinger et al., 2003, 2008,
2012). The 19 regional Holocene turbidites establish an av-
erage recurrence time of∼ 500 yr, with interevent times vary-
ing from ∼ 200–1200 yr, and exhibits temporal clustering

(Kelsey et al., 2005; Goldfinger et al., 2012). In recent years,
investigators working onshore have suggested that there may
also be segmented ruptures of the Cascadia margin. Exist-
ing evidence suggests that segmented ruptures primarily af-
fect southern Cascadia based on mismatching14C ages along
strike (Nelson et al., 2006, 2008; Kelsey et al., 2005), and
on the higher recurrence frequency from southern Cascadia
marsh, estuary and lake paleoseismic sites (Kelsey et al.,
2002, 2005; Witter et al., 2003; Kelsey and Witter, 2004).
Goldfinger et al. (2012) observed that there is significant
commonality between the onshore and offshore paleoseismic
records. Based on this commonality and along-strike corre-
lation of offshore turbidites, they proposed a model of seg-
mented ruptures during the Holocene that attempts to inte-
grate onshore and offshore records.

Offshore evidence of rupture segmentation initially re-
ported in Goldfinger et al. (2008, 2012) was based on ob-
servation of a series of thin, mostly mud-silt turbidites in-
terspersed between larger, well-dated and regionally corre-
lated sandy turbidites that extend along most of the Casca-
dia margin. Mud turbidites have now been recognized in a
number of settings as the result of more dilute, slower mov-
ing cousins to the more commonly reported turbidity cur-
rents that transport sand-sized material and leave more robust
stratigraphic evidence (Hesse, 1975; Stow and Bowen, 1980;
Piper, 1978; Brunner and Ledbetter, 1985, 1987, 1989; Piper
and Deptuck, 1997; Curran et al., 2004). Mud turbidites are
now recognized as making up a high proportion of material
flux to the deep ocean relative to their more proximal sandy
counterparts (Rupke and Stanly, 1974; Einsele and Kelts,
1982; Stow and Piper, 1984; Porebski et al., 1991; Awadal-
lah, 2001; Źuñiga et al., 2007)

Goldfinger et al. (2012) argue that the evidence for cor-
related turbidites limited to southern Cascadia is consistent
along strike, and in some cases, with the onshore paleoseis-
mic data. Analysis of the onshore data and turbidite data as
a whole revealed some potential problems with the onshore
time series, which were corrected in a collaborative effort
with the original authors, and incorporated in the database
and results of Goldfinger et al. (2012). This effort yielded a
stratigraphic record including 41 turbidites at Rogue Apron,
at the mouth of Rogue Canyon offshore southern Oregon,
and tentative correlations farther south. The potential correl-
ative onshore sites include Bradley Lake, the Sixes River and
Coquille River estuaries, located in a similar latitude range
near the Rogue River/Canyon system (Fig. 1).

With improvements in the time series from many new
14C ages and age estimates from hemipelagic sedimentation
rates, the onshore–offshore fit of the time series of paleoseis-
mic data was improved (see Goldfinger et al., 2012). How-
ever, the proposed segmented ruptures required further inves-
tigation into the occurrence, nature, and correlation (or lack
thereof) of the interpreted mud turbidites among core sites.
In this paper, we examine the record of mostly thin mud-
silt turbidites along the southern Cascadia margin in more
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Fig. 1. (A) Cascadia margin turbidite canyons, channels and 1999–2002 core locations. Major canyon/channel systems are outlined in blue.
Primary core sites shown with yellow rim, all other 1999–2002 cores are grey. Selected earlier UW and OSU cores shown in white. PC, piston
core; BC, box core; KC, kasten core; GC, gravity core; TC, trigger core. Trigger cores omitted for clarity. Inset of Effingham Inlet shows
collection site of Pacific Geoscience Centre (PGC) collected piston cores. Yellow boxes indicate approximate areas of Fig. 2a and b. Key
onshore paleoseismic sites shown.(B) Southern Cascadia continental margin bathymetry and core sites in greater detail. Core symbology
as in(A). The 3.5 kHz Chirp profile tracklines are shown. Segments used in Figs. 9 and 10 shown in green, others in orange. Key onshore
paleoseismic sites shown.

detail with additional analyses using new cores. We also use
new CT (computed tomography) data from the Cascadia off-
shore cores along strike. We focus on southern Cascadia us-
ing 13 new cores collected in 2009 between Rogue Apron
and Trinidad Plunge Pool. We discuss a preliminary investi-
gation of turbidites discovered in four lakes in the southern
Cascadia coast range reported in a companion paper (Morey
et al., 2013), along with existing onshore paleoseismic sites
in southern Cascadia. We also add seismic–stratigraphic cor-
relation to the suite of tools we are employing to build on
and test the stratigraphic framework for intersite correlation
previously constructed using core lithostratigraphy, physical
property correlations and radiocarbon data alone (Goldfinger
et al., 2012).

1.1 Data and methods

1.1.1 Lithostratigraphic correlation

All cores (Fig. 1) were scanned with a Geotek multisensor
logger that collects high-resolution visible imagery, gamma
density, magnetic susceptibility,P wave velocity, and re-
sistivity (core locations are given in the Supplement, Ta-
bles S1 and S2). Cores were then split for visual descrip-
tion and collection of high-resolution line-scan and CT im-
agery. Subsequently, high-resolution point magnetic suscep-
tibility data were collected from each core using a point sen-
sor (Bartington MS2E high-resolution surface sensor) at 0.5
or 1 cm intervals, and imaged with X-radiography and CT
systems. Selected grain size analyses were performed with
the laser diffraction method using a Beckman–Coulter LS
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13-320 laser counter (Blott and Pye, 2006). Physical prop-
erty data may serve as a good proxy for properties of the sedi-
mentary units within the core when verified with ground truth
data (Wetzel and Balson, 1992; Weber et al., 1997; Rothwell
and Rack, 2006). We primarily use magnetic susceptibility
and both gamma and CT derived density as grain size proxies
and for stratigraphic correlation, verified by grain size anal-
yses. Further discussion of this proxy and the use of other
physical property parameters can be found in Goldfinger et
al. (2012).

Correlation between sites was attempted by integrating
physical property parameters with core imagery, age data,
and CT data and interactively testing alternate correlations
and lack of correlation. The procedure used is to match tops
and bases of individual beds using all data simultaneously,
a procedure known as “flattening”. The combined data set
from the turbidite sequences are shifted iteratively relative
to each other, using “ghost traces” to compare alternative
detailed matching of wiggle traces from site to site, simi-
lar to e-log correlation in the oil industry (McCubbin, 1982;
Lovlie and Van Veen, 1995; Chen et al., 2009). These meth-
ods have also been applied in academic research with piston,
gravity and ODP/IODP cores (e.g., Fukuma, 1998; Karlin et
al., 2004; Abdeldayem et al., 2004; Abrams, 2002; St-Onge
et al., 2004; Iwaki et al., 2004; Schnellmann et al., 2002;
Goldfinger et al., 2008, 2012).

Stratigraphic interpretation was improved by comparing
multiple cores from a single site when possible. Locally,
the stratigraphy and its local variability could be well con-
strained with two or three piston-trigger pairs of cores, and
differential basal erosion could be detected and quantified by
comparing individual hemipelagic intervals across the core
set (Goldfinger et al., 2012; Pastor et al., 2009). This reduced
the possibility of correlating an unrepresentative example of
a given event, and allowed for improved assessment of basal
erosion, missing tops, and core deformation across the core
set at each site, commonly providing at least one uneroded
and undeformed example of each event. Gamma or CT den-
sity and magnetic susceptibility data were typically collected
on orthogonal axes relative to a round core on the scanner
track. This provides a cross-check that signatures of a given
interval are not the result of local 3-D effects within the core.

In addition to correlation of cores in local groupings, we
found it possible to correlate unique lithostratigraphic sig-
natures (physical property proxies) of individual turbidites
between cores at greater distances, and between isolated
sites with no physical connection (Goldfinger et al., 2008,
2012). Cascadia turbidites are typically composed of multi-
ple stacked and truncated fining-upward sequences (Bouma
A–C) capped by a fine-grained fining upward tail associ-
ated with waning of the turbidity current (Bouma D). The
magnetic susceptibility, density, and grain size trends within
each event are closely correlated allowing the use of high-
resolution density and magnetic data as grain size proxies in
many cases, though this must be verified with each lithologic

suite (Goldfinger et al., 2012). These turbidite “fingerprints”
formed the basis of along strike correlations, closely sup-
ported by14C ages as reported extensively in Goldfinger et
al. (2012).

In detail, the magnetic susceptibility (MS) signal is asso-
ciated with terrestrial silt-sized magnetic minerals, though
sand is usually present at the turbidite base (see Stupavsky et
al., 1976; King et al., 1982). The sand may be non-magnetic
quartz grains, so the MS peak does not always precisely cor-
relate with a maximum of grain size. Nevertheless the ap-
proximation is reasonable in most cases (using both gamma
and CT density with MS reduces this problem). Detailed
grain size profiles therefore represent detailed depositional
histories of each turbidite for Cascadia lithologies.

1.2 Age control

To date the turbidites, we extracted the calcium carbonate
shells of planktic foraminifers preserved in the hemipelagic
sediment below each turbidite. We sampled below each tur-
bidite because the boundary between the top of the turbidite
tail and the hemipelagic sediment can be difficult to identify
reliably. Hemipelagic sediment samples were freeze dried,
washed in a dilute calgon (sodium hexametaphosphate) so-
lution and sieved through a 63 µm stainless steel sieve, and
then dried in a warm oven. A minimum of∼ 1 mg of plank-
tic foraminifers were extracted (many samples identified to
species level) for dating. Radiocarbon ages were obtained
using accelerator mass spectrometry (AMS) methods. Ra-
diocarbon data, calibrations, erosion and sample corrections
and error budgets for each of these corrections are given in
Goldfinger et al. (2012, their Appendix 1), with new data
from 2009 cores reported in Table S3a and b in the Supple-
ment. Calibration used the IntCal 09 database of Reimer et
al. (2009).

The radiocarbon dates are reported with 2-sigma lab er-
ror (Stuiver and Polach, 1977). Lab errors with radiocarbon
dating are straightforward and based on counting statistics
from the laboratory. All dates are calibrated (as described in
the next section), with spatially varying reservoir values from
Marine (Reimer et al., 2009). We used the age model devel-
oped in Goldfinger et al. (2012, their Appendix 1) which al-
lows estimation of turbidite emplacement ages, accounting
for reservoir variation, sediment sample thickness, gaps be-
tween the sample and turbidite base, and differential erosion
(derived when multiple cores at one site exist) in some cases.
Using the age model, we also calculated event ages for well-
constrained beds not dated with radiocarbon. We propagated
all uncertainties using RMS (root mean square) calculations
using estimates of the uncertainties at each step. This calcu-
lation included the lab uncertainties, and resulted in the final
reported 2σ range for each radiocarbon age.

Nat. Hazards Earth Syst. Sci., 13, 2109–2146, 2013 www.nat-hazards-earth-syst-sci.net/13/2109/2013/
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The fully propagated 2σ uncertainty ranges averaged
+140/ − 170 calibrated years (calculations given in Goldfin-
ger et al., 2012, their Appendix 1). We also used age mod-
els computed from OxCal, a Bayesian Markov chain Monte
Carlo calibration and age model software package (Ramsey,
2001). To compute event ages, radiocarbon and hemipelagic
ages (as computed with the above described RMS errors)
of well-correlated beds are “combined” to estimate deposi-
tional ages where the probability density functions (PDFs) of
the radiocarbon ages and hemipelagic ages are combined to
compute a new probability function for each turbidite, with
narrower 2σ ranges based on Bayes’ theorem. The prior as-
sumption of the Bayesian calculation is that we have cor-
rectly correlated the turbidites stratigraphically. OxCal also
tests the assumption of coevality (at the resolution of radio-
carbon) with several statistical tests (χ2 and Acomb). All
correlated beds with sufficient data to be combined in this
way pass these statistical tests. The time series overall passes
additional tests of coherence from site to site (Amodel and
Aoverall; see Goldfinger et al., 2012, their Appendix 8).
These tests are further described in the OxCal documentation
(http://c14.arch.ox.ac.uk/oxcalhelp/hlpcontents.html). Nev-
ertheless, radiocarbon alone cannot distinguish between a
closely spaced series of bed emplacements.

Faunal data were collected from planktic sample assem-
blages and are included and described in Goldfinger et
al. (2012; their Appendix 4). The close correspondence be-
tween land and marine ages, and across marine sample sites
observed in both the Cascadia Basin and along the North-
ern San Andreas Fault (NSAF) suggests that, overall, neither
bioturbation (Wheatcroft, 1992; Smith et al., 1993; Thomson
and Weaver, 1994; Thomson et al., 1995) nor basal erosion
significantly biases14C dates. The topic and treatment of of
differential basal erosion is discussed in Pastor et al. (2009)
and Goldfinger et al. (2012). Analyses of foram test size,
species specificity and other potential biases are presented
in Goldfinger et al. (2012). Ages presented here are those
of Goldfinger et al. (2012) with new ages and sedimentation
rates given in Table S3a and b in the Supplement.

Not all intervals were directly datable by this method.
As foraminifer abundance is much lower in the latest
Holocene (in some cases we found abundances as low as five
individuals/cm3), samples representing times younger than
∼ 2000 cal yr BP were more difficult to date. The total vol-
ume of material available was limited by the hemipelagic
sediment deposited between turbidites, thus shorter recur-
rence intervals (in southern Cascadia) also reduced the
chances of obtaining one or more successful14C dates. In
the age range of∼ 2000–300 cal yr BP, it was sometimes nec-
essary to combine samples from piston and trigger cores,
and rarely, from multiple localized pairs of piston and trigger
cores to collect the required minimum of∼ 1.0 mg carbonate
(∼ 400–600 specimens) for a successful date. In some cases,
we collected multiple cores and a jumbo kasten or box core
for this purpose in anticipation of dating difficulties. Mixing

in this way requires perfect correlation between the local core
sets, though when done incorrectly, incongruous ages were
the result.

In several cases in the Barkley, Rogue, Trinidad, Smith,
and Klamath systems, we dated benthic foraminifers where
planktic foraminifers were not abundant enough to obtain a
result. These dates were calibrated using the additional reser-
voir difference between benthic and planktic samples estab-
lished locally for those cores for a given time range. This
method is similar to that used to establish the modern reser-
voir value (for example, Hughen et al., 2004). The methods
and reservoir model used for these calculations is included in
Goldfinger et al. (2012).

Determination of the turbidite tail-hemipelagic boundary
and recognition of mud turbidites is uniquely difficult and
something that visual and geophysical core logging may not
detect in every case. The subtle differences between the very
fine-grained turbidites and the overlying hemipelagic sedi-
ment may be nearly non-existent, and thus finding techniques
to identify the boundary can be difficult. In the case of Cas-
cadia cores, most of these boundaries are visible to the eye as
a color change (see figures in Goldfinger et al., 2012). This
color difference, which is due to biogenic CaCO3 content,
renders the hemipelagic sediment a light tan color, whereas
the turbidite tail is olive green (Lyle et al., 1999). For more
proximal and southerly sites, this distinction diminishes, be-
coming subtle.

Many attempts have been made to find universal methods
for defining this boundary including clay fabric orientation
(O’Brien et al., 1980; Azmon, 1981), color (Rogerson et al.,
2006), hydraulic sorting of microfossils (for example Brun-
ner and Ledbetter, 1987), X-ray fluorescence (XRF) and X-
ray diffraction (XRD) (for example Bernd et al., 2002), and
grain size (the most common method; Brunner and Ledbetter,
1987; Joseph et al., 1998; St.-Onge et al., 2004), resistivity,
and other methods. While these methods can work in specific
cases, there is no universally applicable technique. Addition-
ally, many methods are limited to small numbers of samples,
and precluded for this study by logistics of hundreds of the
samples used.

We determined hemipelagic thickness and mud turbidite
boundaries using primarily visual observations of color
change, X-radiography and CT imagery, and high-resolution
physical property data (see Goldfinger et al., 2012), aug-
mented with smear-slide photomicrograph transects across
key boundaries where required. High-resolution gamma den-
sity, point magnetics and CT imagery proved the most sen-
sitive and reliable, acting as proxies for grain size as previ-
ously described, however this method must be verified for
applicability with specific lithologies. In ideal cases, both
density and magnetic susceptibility values declined upward
in the fining upward tail, and reached an inflection point at
which constant values continued upward to the base of the
overlying turbidite, reflecting a homogenous uniform grain
size and lithology in the hemipelagic sediment. The density
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and susceptibility curves were verified by grain size analy-
ses to confirm this relationship. In numerous examples, many
hemipelagic-tail boundaries could be accurately identified by
this method, which was corroborated with color change ob-
servations for most cores. The primary difficulty with this
method proved to be bioturbation, which blurs the tail bound-
ary, an effect that was evident in the physical property and CT
data. Using grain size analysis directly was not always diag-
nostic and was practically limited by the large numbers of
samples required for regional analysis of many cores. Grain
size transects across key problematic boundaries were run
with a Beckman–Coulter LS 13-320 laser diffraction par-
ticle size analyzer (Blott and Pye, 2006). Combined with
smear-slide grain counts for lithic and biogenic components
a good result could be obtained, though silicious biogenic
fragments sometimes were larger than the lithic component
in hemipelagic sediment, and therefore generated somewhat
noisy results.

1.3 Seismic reflection imaging

We collected∼ 11 000 km of continuous shallow seismic re-
flection profiles along the length of the Cascadia margin in
1999, 2002, 2009, and 2011 using a Knudsen 320BR and
Knudsen 3260 3.5 kHz system (FM Chirp mode sweeping 2–
6 kHz) at full bandwidth and data rate. Our primary lines are
a pair of mostly continuous margin parallel lines averaging
∼ 2.5 km apart located∼ 0–5 km seaward of the deformation
front (Fig. 1). There are several cross lines at intervals along
strike including several lines across the Rogue apron that link
the core sites with the regional margin parallel reflection pro-
files. These lines were heave corrected in real time using the
ship’s Pos MV 320. We post-processed the data using Sio-
seis (http://sioseis.ucsd.edu/sioseis.html; Henkart, 2006) us-
ing band pass filtering, muting, and a heave filtering algo-
rithm. Further processing, including Hilbert transform, and
interpretation were done in IHS Kingdom v. 8.71. Digital
correlation processing of the Chirp signal reduces the effec-
tive frequency, improving the signal to noise ratio and boost-
ing the effective vertical resolution to∼ 25 cm, degraded
somewhat by off-axis scatterers, vessel motion and the wa-
ter column.

We generated synthetic seismic section velocity models in
IHS Kingdom based on the physical data from local cores
through which the seismic tracklines passed. We applied a
velocity model to attempt to put the core data and reflection
data on a common vertical scale. We generated a velocity
model using theP wave velocity data from the cores, and
by converting gamma density toP wave velocity (Hamilton,
1970; modified by Brocher, 2005). These models produced
similar and consistent results, allowing a robust correlation
between the cores and seismic sections.

2 Background-mud turbidites along the southern
Cascadia margin

Goldfinger et al. (2012) describe 41 turbidites along the
southern Cascadia margin, (exclusive of the southernmost
margin from Trinidad Canyon to the southern limit at the
Mendocino Triple Junction) exemplified by cores located in
Hydrate Ridge west basin, and the Rogue Apron. We briefly
summarize the structural and physiographic contexts, and the
Holocene stratigraphic records with particular emphasis at
these two sites, and refer the reader to Goldfinger et al. (2012)
for further details of other regional sites. Bed numbers (i.e.,
T1, T2, etc.) referred to in this paper and in Goldfinger et
al. (2012) were assigned following correlation between mul-
tiple sites. Local bed names are used at sea and in initial work
that may appear in core logs and other ancillary data, and
may differ from those assigned after correlation and reported
here.

2.1 Hydrate Ridge west basin

Hydrate Ridge west basin (referred to herein as Hydrate
Ridge or HR) is a piggyback basin west of a composite thrust
ridge formed from seaward and landward vergent thrust
faults (Johnson, 2004) within the lower slope of the Cascadia
accretionary wedge on the central Oregon continental margin
(Fig. 2a). HR is also flanked on the east by another piggy-
back slope basin. The isolation of the western slope basin
from any canyon or channel system limits basin filling to lo-
cal submarine slope failures of the surrounding bathymetric
highs (Hydrate Ridge itself) and hemipelagic sedimentation.
The largest sediment-transport pathway into the basin is a
small submarine canyon that cuts into the western flank of
northern Hydrate Ridge; however, several other smaller po-
tential pathways internal to the basin exist around the basin
from the north and east. The face of the west flank of Hy-
drate Ridge is primarily exposed east dipping poorly consoli-
dated sand and silt turbidites recently uplifted by the seaward
vergent thrust that underlies Hydrate Ridge (Johnson, 2004,
L. D. Kulm, unpublished ALVIN dive data). The Hydrate
Ridge core sites are isolated from all terrestrial and shallow
water sediment sources by sill heights on three sides with a
minimum height of∼ 500 m at a low point in the surrounding
ridge to the NE. There are no observed channels in the region
and no significant fluvial or other sediment sources onshore
for terrestrial material. The shallowest point at the top of the
ridge is−600 m, well below disturbance levels for even the
largest storm or tsunami waves (see analysis and Fig. 30 of
Goldfinger et al., 2012). The isolation of the basin thus pro-
vides an environment in which the local physiography has
excluded storm loading, hyperpycnal flow, cross-shelf trans-
port, tsunami wave loading and other shallow-water origins
for the observed turbidite stratigraphy.
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Fig. 2. (A) Shaded perspective view of Hydrate Ridge west basin (HRWB) on the central Oregon margin. The basin is protected on all
sides from terrestrial sediment input by structural sills with heights of∼ 500 m to the north, 1800 m to the east, and 1200 m in the south.
(B) Perspective shaded view of bathymetry of the Rogue Canyon system and apron, southern Oregon margin. Multiple canyon tributary
pathways are shaded grey. No topographic expression of a channel leading from the Rogue Canyon is apparent at the resolution of the multi-
beam bathymetry. Similarly, the buried Astoria Channel (foreground) has no bathymetric expression at this latitude. The 3.5 kHz reflection
tracklines shown. Lines shown in Figs. 9 and 10 are indicated in yellow. Inset shows approximate a and b locations with yellow boxes.
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2.1.1 Hydrate Ridge (west basin) turbidite sequence

Three core sites in the Hydrate Ridge basin are located
at variable distances west of the submarine canyon cut
into the western flank of Hydrate Ridge (Fig. 2a; see also
Goldfinger et al., 2012, their Fig. 30). The most proxi-
mal (furthest east) site to the canyon contains a highly ex-
panded late Holocene (∼ 3000 yr ago to modern) record
in cores RR0207-02PC/TC. The mid-basin site to the west
(RR0207-56PC/TC) contains a complete Holocene record.
The Holocene section in distal kasten core RR0207-01KC is
too compressed for further use in this study. Excess210Pb
activity in the core tops confirms the preservation of the
uppermost section. No transported (or airfall) Mazama ash
(Zdanowicz et al., 1999) is present in any of the Hydrate
Ridge cores, supporting the inference of isolation of the Hy-
drate Ridge site from fluvial sources. The Hydrate Ridge
cores exhibit some of the best resolution of individual tur-
bidite beds among our cores. This is partly due to overall
section expansion attributable to the extremely proximal lo-
cation of the core sites relative to the ridge flanks. Expansion
of the section is only part of the difference however, since the
HR Holocene section is only 6.6 % greater in thickness at HR
at 730 cm, than Rogue Apron at 685 cm. A perhaps better ex-
planation is the very short transport distance and time during
transport for distinct inputs to mix following the initiating
event. The limited mixing time may allow individual sedi-
ment pulses during the upslope failure to remain more dis-
tinct than at more distal sites (Goldfinger et al., 2007, 2011).
There is one example of an overlying thick turbidite unit hav-
ing eroded into an underlying thin one, where the uppermost
turbidite (correlated as regional event T1) is eroded into the
underlying bed (T2) in RR0207-02PC/TC (see also Goldfin-
ger et al., 2012). This scenario appears to be rare in our cores,
and may sometimes be identified by using multiple cores.
With enough replicate cores, one of them is likely to reveal
the presence of hemipelagic sediment that is eroded in others,
if it was originally present.

Radiocarbon ages and stratigraphic correlation suggest
that the Hydrate Ridge turbidite stratigraphy correlates well
to other Cascadia sites with only one notable exception. We
note that correlated regional bed T14 is either missing or very
weakly expressed in Hydrate Ridge cores pfor reasons un-
known. The HR stratigraphic record differs from other Cas-
cadia sites further north by the presence of twelve thin mud-
silt beds we observe in all Hydrate Ridge cores, but closely
resembles Rogue Apron cores. These thinner beds are in-
dicated by density and magnetic excursions, X-radiography
and CT data, and color reflectance data (Figs. 3, 4). All
Hydrate Ridge cores contain a relatively high silt content
that we find disseminated throughout even the hemipelagic
beds, making the distinction of mud turbidites more difficult.
We attribute this to the steep, sandy cliffs exposed immedi-
ately upslope by seaward vergent thrust faulting. We suggest
these non-cohesive cliffs input a steady rain of silty-sandy

material to the proximal basin floor, and observe a similar
phenomenon in cores from Sumatran slope basins (Patton et
al., 2009, 2013).

2.2 Rogue Canyon and Apron

The Rogue Canyon traverses the continental slope off the
mouth of the Rogue River in southern Oregon as a well-
developed submarine canyon with multiple tributaries fun-
neling into two unequal outlets at the apex of Rogue Apron
(Fig. 2b). A morphologic apron of about 5–10 m in thickness
and 2 km diameter extends from the canyon mouth, which
otherwise does not have an observable outlet channel system
at the resolution of existing bathymetric and backscatter data
(11 m backscatter grid from cruise TN240) and 3.5 kHz high
resolution sub-bottom profiles. This geometry, lack of sig-
nificant channel development, and the presence of turbidites
containing Klamath terrane heavy minerals (Goldfinger et
al., 2012) all support the interpretation of a small sand-rich,
base-of-slope apron developed off the mouth of the Rogue
Canyon and supplied by sediment from the Rogue River
drainage. The Rogue Canyon system has three major trib-
utaries that cross the steep continental slope and converge
near the canyon mouth. The Rogue River supplies the south-
ern of these tributaries, the other two do not have modern
river analogs, but may also receive transported material from
the Rogue system under conditions of storm transport from
southwesterly storm wind and wave regimes.

2.2.1 Rogue Apron turbidite sequence

3.5 kHz profiles, core stratigraphy, turbidite bed lithology
and radiocarbon ages all suggest that lateral-bed continuity is
present throughout the Rogue Apron (Figs. 3, 4; Goldfinger
et al., 2012). The Rogue Apron turbidite record includes the
Mazama ash, which anchors the stratigraphic sequence. The
stratigraphy is correlative between the eight cores at this site.
Mazama ash is present in all Rogue Apron cores. Goldfin-
ger et al. (2012) report the discovery that the first Mazama
ash-bearing turbidite likely was not margin-wide T13 as re-
ported earlier. Based on stratigraphic correlation and14C ev-
idence, the Mazama ash appears first in regional event T14.
The proposed explanation for this anomaly is given in detail
in Goldfinger et al. (2012).

The Rogue Apron contains, in addition to the thick
turbidites discussed by Adams (1990) and Goldfinger et
al. (2003a,b, 2008, 2012), 23 (modified here from Goldfin-
ger et al., 2012) mostly thinner silt/mud turbidites that reflect
a higher turbidite frequency that is prevalent in all our south-
ern Cascadia cores.

Two of these, now known as T10b and T10f, are sandy
beds that are similar to coarse-grained regionally correlated
turbidites. An additional 21 beds are mostly thinner mud-
silt beds that originally were noted as darker intervals in
what otherwise was thought to be hemipelagic sediment in
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Fig. 3.CT, visible imagery and physical properties from the Hydrate Ridge and Rogue Apron cores, central-southern Cascadia margin. Data
from HR cores 56 PC-TC and Rogue cores 31PC-TC are each summarized with a single composite of piston and trigger cores, all14C ages
from each site are plotted on the representative core. These two cores are “flattened” (rescaled with event bases and tops aligned) with Rogue
core 31PC at true scale. Undated Rogue Apron core TT0909-01JC also shown flattened to 31 PC-TC. Correlation between sites based on
stratigraphic methods described in text,14C data, Mazama ash and Holocene/Pleistocene boundary datums. Black boxes indicate locations
of enhanced images in Fig. 4. Higher confidence shown by heavy lines, lower confidence with dashed lines, lowest confidence with queried
dashed lines. The two sites are 250 km apart and are isolated from each other. Hydrate Ridge is isolated from terrestrial and shallow water
sediment sources.
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Fig. 4. Enhanced CT imagery shown for representative thin turbidites in at Hydrate Ridge and Rogue Apron. CT imagery shown in context
in Fig. 3. CT density imagery processed to show approximate sand and silt (orange and yellow); fine silt (orange) and hemipelagic mud
(blue). Approximate grain size key shown at bottom. Some units show typical structure such as cross bedding (T5a, T9a, upper and middle
left panels), while others have largely lost primary structure due to bioturbation (T9d, T10d) (modified after Goldfinger et al., 2012).

the shipboard logs of the 1999 cores. However, further ex-
amination revealed that these dark intervals sometimes had
silty bases, noted in the original logs, and that they were
in consistent stratigraphic position across multiple cores.
These beds have density and magnetic peaks in physical-
property logs, as well as being imaged as dense bodies in
X-radiographs and CT imagery (Figs. 3–8). The originally
logged hemipelagic intervals furthermore appeared far too
thick for reasonable sedimentation rates, and thus were likely
not uniform hemipelagites. Goldfinger et al. (2012) and this
paper retain the original 18 turbidite numbers published pre-
viously to maintain consistency with earlier publications and
to distinguish those turbidites with long strike extent vs. the
thinner beds of more limited extent. The thinner turbidites
in southern Cascadia are designated using the overlying bed
number (for example T5a for a thin bed between T5 and T6).
Some of these fine-grained beds are not presently datable by
14C methods because there is either not enough hemipelagic
material available in the thin intervals below them, or the
bioturbation that commonly disrupts the smaller beds makes
definition of top and bottom boundaries too irregular and the
sample content too uncertain in some cases.

3 Results: character and continuity of the southern
Cascadia mud turbidites

3.1 Sedimentology and biostratigraphy

We observe two classes of thinner turbidite beds at Rogue
Apron, where they were first documented: a thicker class and
a thinner class. The thicker class includes two sandy beds
T10b and T10f (Figs. 3–8) both of which have well-defined
sharp and possibly erosional sandy bases, and fining upward
sequences. The smaller class of southern Cascadia turbidites,
21 in all, is comprised of a series of thinner mud-silt beds.
These beds are characterized by more subtle grain-size varia-
tion and visual color change, subdued physical-property sig-
natures, and greater bioturbation. Otherwise, they are similar
to the coarser turbidites in that they are relatively barren of
microfossils, have internal structure including cross bedding
visible in CT imagery, have high lithic content, and persist
across multiple cores at a given site. The initial interpreta-
tion of these beds, including the thinner beds in the range
0–3000 cal yr BP, is given by Goldfinger et al. (2008), and
extended to 10 000 yr in Goldfinger et al. (2012). The origin
of the darker intervals was initially unknown; however, the
physical property, color, smear slide, grain-size, and CT data
were later interpreted to be consistent with fine-grained mud
turbidites in Goldfinger et al. (2008, 2012).
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Of the 21 mud-silt beds found in the Rogue Holocene core
stratigraphy, most are defined by characteristics analogous to
those of the macroscopic turbidites, though with grain size
profiles of reduced amplitude, while some of them are coarse
enough to be observed visually. At the Rogue Apron site,
the younger 13 beds are each sampled in seven cores; the
lower 9 beds are each sampled in three cores (the shorter
trigger cores are only 3.04 m in maximum length). The pri-
mary characteristics of these beds are grain size profiles that
commonly indicate a sharp base and fining upward sequence
based on gamma and CT density and magnetic susceptibility
grain size proxies (Goldfinger et al., 2012; Figs. 3–7). Of the
21 beds, 17 of them have these dominant characteristics. The
remaining six beds at Rogue Apron (T7a, T8b, T9b, T12a,
T16a, T16b) are equivocal or indeterminate due to bioturba-
tion, core section breaks, sample voids from earlier work,
core deformation or are indistinct. There are no beds that
have clearly coarsening upward, or coarsening upward then
fining upward profiles. Of the 21 beds, all of them are visible
in at least one core as darker beds in comparison to lighter
toned hemipelagic sediment above and below. Eight of them
reach sand or silt size at their bases in at least one core
at the Rogue site (T2a, T3a, T8a, T9a, T10a, T10b, T10d,
and T10f) and four at Hydrate Ridge (T5c, T10b, T10c, and
T10f), see Table 1.

In cores south of Rogue Apron (Smith and Klamath sites)
beds in the time range∼ 500–3400 cal yr BP are finer grained
and more homogenous, possibly due to reduced sedimen-
tation rates or more dilute sources. Before that time, from
∼ 3400 cal yr BP to the earliest Holocene, the cores reveal
an expanded section of much higher resolution. Density and
basal grain size progressively increase southward for the
Holocene’s thin beds (as excepted above).

3.1.1 Source of the thin beds at Rogue Apron

In Fig. 5, we show the upper part of 2009 core TN090901JC-
TC. Bed T2a in this more distal core is shown in detail.
This typical bed shows the shift from dominant biogenic
material in the surrounding hemipelagic sediment to lithic
fragments. The biogenic material included in the tail of
this typical bed is rich in glass sponge spicules, making
up as much as 50 % of the turbidite tail in some samples.
The glass sponges generally live at depth ranges of 150–
1300 m (Bett and Rice, 1992; Tunnicliffe et al., 2008). These
sponges have been observed at several Cascadia canyon
heads, notably Grays Canyon, on flat plateaus flanking the
canyon rim (P. Johnson and E. Clarke, unpublished data).
The Rogue Apron cores are all at depths of∼ 3100 m, far
deeper than the sponge habitat, and therefore the spicules
were likely transported to the Rogue Apron from upper-
to mid-slope depths by turbidity currents. Abundant sponge
spicules have also been observed in turbidite tails in Astoria
Canyon turbidites (Nelson, 1968). Similarly, displaced shal-
low water benthic foraminiferal species (Bolivina seminuda,

Buliminella elegantissima, Cassidulina limbata, Cassidulina
minutaandGlobobulimina auriculata) as well as wood and
plant fragments and broken mollusk shells have previously
been described in Holocene turbidites in Washington mar-
gin cores (Carson, 1971; Barnard, 1973). Nelson (1968) de-
scribed in detail displaced Oregon shelf and slope species
of benthic foraminifera in the Holocene turbidites of Astoria
Canyon. Modern sediment loading of the upper canyons with
shelf derived sediment has been described by Thorbjarnarson
et al. (1986) and discussed further in Goldfinger et al. (2012,
and references therein).

We also observe that the lighter toned hemipelagic sedi-
ment that bounds the darker mud-silt beds has significantly
lower occurrence of lithic fragments, and higher occurrence
of intact radiolarians, including delicate forms, and both ben-
thic and planktic forams, all of which are relatively rare in the
mud beds. When present in the mud beds, the larger fragile
forms of radiolaria are typically fragmented or represented
by small shards indicative of transport (Figs. 5, 6). Figure 6
shows similar data for Rogue mud turbidite T5b.

The mean grain size profiles across the mud turbidites for
which data are available are not always diagnostic of sharp-
based fining upward turbidites, probably due to the biogenic
material included in the samples. Grain size sometimes ac-
tually increases slightly in the hemipelagic beds because the
biogenic components are actually larger in most cases than
the lithic matrix of the turbidite tails. Figure 5 shows grain
size profiles broken out by size fraction and in aggregate
across typical mud turbidite T2a at Rogue Apron. The er-
ratic results in the hemipelagic intervals are due to the patchy
biogenic components in the samples. We also show a lithic
grain-size profile determined from microscopy for compari-
son.

3.2 Regional lithostratigraphic and temporal
correlation

3.2.1 Hydrate Ridge to Rogue Apron

In Fig. 3, we show Rogue cores M9907-31PC-TC and
TN0909-01JC-TC alongside Hydrate Ridge cores 56 PC-
TC. Both sites have good radiocarbon age control, and
hemipelagic age model determinations for most beds without
14C control. The Hydrate Ridge core has been “flattened” to
the Rogue cores, meaning tops and bases of major turbidite
beds are aligned for visual inspection. Hydrate Ridge is iso-
lated from land sediment sources, and thus no Mazama ash
would be expected in turbidite beds there, and indeed none
is observed (Goldfinger et al., 2012). We compare the radio-
carbon age series and lithostratigraphy of the turbidite se-
quences for differences and/or similarities.
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magnetic susceptibility, gamma density andP wave velocity records and CT imagery reveal fine-grained mud turbidites between T2 and
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plot across T2a in M990730TC is shown and “flattened” to the lithology in 01TC in(B).
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Inspection of the median and 2σ ranges for age series at
both sites indicates that the number and approximate ages of
the sandy turbidites at both sites are similar. Statistical re-
sults show that theχ2 and OxCal Acombine and Amodel
tests (Ramsey, 2001) of synchronous deposition are passed
to at least the 95 % confidence level for all beds in Fig. 3 with
either radiocarbon or hemipelagic age control (Goldfinger et
al., 2012). The same is true of larger margin-wide temporal
correlations of 19 correlated Holocene beds. These tests in-
dicate age compatibility to the indicated level, but within ra-
diocarbon uncertainties. Goldfinger et al. (2012) present re-
sults for both Bayesian combination of potentially correlative
beds, as well as the narrowing of the uncertainty ranges that
result from statistically meaningful correlations.

The age model for Hydrate Ridge is anchored by14C ages
for HR beds T1, T3, T7, T8, T10b, T13, T17, and T18. Beds
T10, T10c, T15 and T16 had badly reversed ages and were
not included in the model. Hemipelagic (model) ages were
then calculated for beds with sufficient age and hemipelagic
thickness control, and include T2, T3a, T4, T5, T6, T8a, T9,
T9a, T10b, T10f, T11, T14, T15, T16, and T17a. The Rogue
site age model is anchored by14C ages for 15 of 19 ma-
jor Rogue beds except T1, T11, T12 and T16. Hemipelagic
ages are calculated from the model for all other beds. Of
the thinner beds not correlated margin-wide by Goldfinger et
al. (2012), the thickest of them, known at both sites as T10b
and T10f have concordant14C dates for T10b in core M9907-
31PC that are 5240 (5090–5370) cal yr BP and 5220 (5070–
5350) cal yr BP. The14C age of the potential correlative bed
in HR core RR0207-56PC has a median age of 5330 (5210–
5430) cal yr BP and has a compatible calculated hemipelagic
age of 5290 (5120–5490) cal yr BP. T10f is not radiocarbon
dated at any site, but has a calculated hemipelagic age of
5850 (5700–5900) cal yr BP in the Rogue cores, and 5700
(5560–5830) cal yr BP at Hydrate Ridge.

CT imagery, physical property traces and age control are
presented in Fig. 3 for visual inspection. We interpret simi-
larities in turbidite structure between the two sites (grain size
profiles as indicated by density and magnetic proxies) that
permit correlations between the two sites for many of the
beds when considered with supporting age control. Goldfin-
ger et al. (2012) present statistical tests of the downcore core
series of turbidite mass and number of fining upward se-
quences for the entire Holocene sequence that show simi-
larities that suggest the sequence is coherent in both event
“size” and first order bed structure of these stacked turbidites.
Our lithostratigraphic correlations between beds are based on
these criteria and shown in Fig. 3. Of the 42 beds observed
at Rogue Apron, Goldfinger et al. (2012) conclude that, as-
suming the correlation is substantially correct, 7 of them are
likely not observed at Hydrate Ridge (Fig. 3). Our analysis
with improved data from Rogue Apron leaves this conclusion
unaltered. Several of the thin beds interpreted to be present
at both sites are quite weak at Hydrate Ridge, including beds
T8a and T9a, which are equivocal.

3.2.2 Rogue Apron to Trinidad Plunge Pool

New cores collected in 2009 have, along with Chirp reflec-
tion profiles, offered additional data with which to evaluate
continuity of turbidite beds southward from Rogue Apron be-
yond the interpretation presented in Goldfinger et al. (2012).
Bed correlation along this section of the margin proved to be
more robust than previously reported due to the increased
spatial density of cores, additional age control and strati-
graphic constrains provided by high-resolution Chirp reflec-
tion profiles.

The new cores in the Rogue–Trinidad section of the prox-
imal abyssal plain include six piston-trigger core pairs and
one kasten core, 13 cores in all. These cores are TN0909
01, 02, 04, 05, 06, and 07 JC-TC, and 03KC (a new des-
ignation “jumbo core” is used for post 2007 cores, but these
are identical piston cores designated “PC” in earlier publi-
cations) (see Fig. 1 for locations). We focus on the better
of these cores, 01, 02, 05, 06, and 07 JC/TC (cores 03KC
and 04JC each have a missing section, heavy bioturbation,
or core deformation). Additional cores south of Trinidad
Plunge pool are more difficult to correlate stratigraphically,
have limited age control, and are not included in the prelim-
inary results reported here. Cores inside the Trinidad Plunge
Pool, reported in Goldfinger et al. (2012) are somewhat less
straightforward than the newer cores presented here. Older
than∼ 800 cal yr BP, the plunge pool cores are well corre-
lated to those outside the plunge pool. From 0–800 cal yr BP,
numerous beds are present in the plunge pool section that are
not found outside the plunge pool, a discordance that remains
unexplained.

Generally, cores 01–06 PC TC all contain clear and dis-
tinct turbidite sequences. Core 01 JC/TC, located 5 km sea-
ward of our original 1999 cores on Rogue Apron, correlates
directly to those cores with little variation. This new core
offers improved definition of the Rogue stratigraphy, as CT
data was collected for this core prior to any sampling. The
oldest regional event in the Holocene turbidite section cor-
related in Goldfinger et al. (2012), like the earlier cores, is
marked by regional event T18, the base of which is found at
780 cm below the core top. The same bed in the more prox-
imal M9907-30 and 31PC/TC is found at 635 cm, indicating
a ∼ 20 % seaward thickening of the Holocene section. We
attribute this to a greater capture of the middle grain sizes
of the turbidite in the more distal cores. The more proxi-
mal cores exhibit significant bypassing of the middle grain
sizes (Kneller and Buckee, 2000; Stevenson et al., 2012) at
those sites based on common sharp upper contacts between
the coarse-grained phases and the fine-grained turbidite tail.
These gaps in grain size distribution are less apparent or ab-
sent at the more distal 01JC/TC site, likely making up the
thickness difference between the two sites.

Moving southward, new cores TN0909 02 and 05 JC/TC
and 03 KC, along with older cores M9907 33PC and
M990734 PC, are located along a part of the margin fed
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Fig. 7. (A) Detailed physical property and CT data from correlated events T5, T5a, T5b, and T5c in a transect from Rogue Apron to the
Trinidad Plunge Pool, flattened to regional event T5. This transect shows the southward increase in thickness, density and grain size for
regional event T5 and three southern Cascadia beds (T5a–c).(B) A similar transect for events interpreted as T9, T9a, and T9b. Examples are
approximately flattened to correlated event T9, shown by heavy red line. These data are shown in context in Fig. 8. Mean grain size shown
for cores with sandier turbidites and large contrast between turbidites and hemipelagic. Grain size mode shown for Smith and Klamath
apron cores, which have poorly developed channel systems, and reduced average grain size profiles. Mean and mode shown for 34PC for
comparison. In these cores, the grain-size variation is commonly dominated by large biogenic forms. Log-transformed grain size data shown
in green for 31 PC, which has the finest grain size profile for the Rogue mud turbidites. See Fig. 1 for core locations. Age control, and density
and magnetic scales shown in Fig. 8.

only by smaller or no canyon systems. Perhaps not coin-
cidentally, the turbidite beds have reduced grain size pro-
files, and greater bioturbation, although the overall Holocene
section thickness is moderately expanded (expanded below
∼ 3500 cal yr BP, and compressed above that age). We es-
timate a∼ 25 % increase in overall thickness in this area
relative to the Rogue Apron core 01JC based on correla-
tion of key horizons in Fig. 8. (A high resolution version of
Fig. 8 is available as Fig. S3 in the Supplement to this ar-
ticle). Figure 7 shows further details of selected beds with
enhanced CT and grain-size analysis. Further to the south,
beginning at∼ 41.7◦ N at the site of M9907-34PC, the sec-
tion decreases in thickness to minimum, then begins to in-
crease southward with an attendant increase in calibrated
gamma density and basal grain size in correlative beds. At
approximately 41.2◦ N, near the site of TN0909-06JC/TC,

correlation of key beds indicates a thickening section, which
increases further to 180–200 % of the Rogue Apron values
at 41.00◦ N, the site of TN08909-07PC/TC. The variation
in section thickness is corroborated by Chirp reflection pro-
files, discussed below. Most of this thickness increase can
be attributed to nine additional beds that appear in the sec-
tion younger than 4800 cal yr BP, mostly toward the south-
ern end of the region between Rogue Apron and Trinidad
Plunge Pool. Six of these beds are below the likely 1700 AD
turbidite, while three are younger, and are discussed below.
These beds have sharp bases and fining upward sequences,
but are not correlated over large enough distances or linked
to onshore paleoseismic sites, thus their origin is presently
not testable. We see no coherent increase in bed thickness
southward for most beds, despite a clear density and grain
size increase (Supplement, Table S4 and Fig. S1).
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In addition to the increase in overall section thickness,
grain size profiles for most beds coarsen southward. For ex-
ample, in Fig. 8, we interpret regionally correlated beds T1–
T11 to extend at least southward to Trinidad Pool. Older
beds may also be correlative, however interpretation below
that depth is hampered by increasing turbidite frequency,
sparse hemipelagic intervals for datable material, and other
factors as discussed in Goldfinger et al. (2012), thus we fo-
cus on the latter half of the Holocene. The CT and density
shifts are visible in Fig. 8. Supplement Table S4 and Sup-
plement Fig. S1 show the southward increase in mass, den-
sity, and grain size in the data. Not all beds increase in den-
sity and grain size southward however. Regionally correlated
beds designated T1, T4, T7 and T6 at Rogue Apron dimin-
ish in density and grain size southward, bucking the regional
trend and making correlation of adjacent beds less robust.
The largest regional beds, T11 and T16 also diminish south-
ward. Regional beds T2, T3, T5, T5b, and T5c become more
prominent southward, to an extent greater than the regional
trend. Many other beds show local variability while gener-
ally following this trend. An extreme example is an anoma-
lous event we interpret as correlative to regional event T11,
which at Smith Apron (M9907-33PC) apparently expands to
∼ 1.2 m in thickness, and appears to coarsen upward. Beds
T4 and T5 are also anomalously coarse and thick in M9907-
36PC (Trinidad Plunge pool, Goldfinger et al., 2012).

In the well resolved section younger than∼ 4800 cal yr BP
of particular interest are the proposed along-strike correla-
tion of the 13 Rogue mud turbidites in that time window,
T2a, T3a, T4a, T5a, T5b, T5c, T6a, T6b, T7a, T8a, T8b,
T9a and T9b. In Fig. 8 we show our preferred interpreta-
tion of the lithostratigraphy of all beds between Rogue Apron
and Trinidad Pool, an along-strike distance of 150 km, with
additional details shown in Fig. 7. Our interpretation sug-
gests that most or all of the thin beds at Rogue are likely
present at the Smith (33PC/TC and 05JC/TC) and Klamath
sites (34PC/TC) during this period. We also note that T4, T6,
T6a, T7 and T7a thin southward beyond the Smith and Kla-
math area, with T6a not present between Rogue Apron and
Trinidad North. We interpret that very weak T6 and T7 tur-
bidites may continue southward to the Trinidad North site,
though this interpretation is less robust than for other beds
and is mostly based on similarity of the stratigraphic se-
quences, as these beds are not dated and do not have diag-
nostic geophysical signatures.

Three additional thin beds appear in the Smith, Klamath
and Trinidad North cores, here named T2b, T2c, and T9c
because they are likely present over the∼ 130 km distance
between these sites. At the Trinidad North site (TN0909-
06JC/TC), we interpret the continuation of the same tur-
bidite sequence from Rogue Apron to the Trinidad North
site, an along-strike distance of 130 km. At Trinidad North,
core 06JC/TC has a somewhat less expanded section than
that of the Smith and Klamath cores, but retains robust ex-
pression of most of the major and thin beds and a nearly

identical sequence for times younger than∼ 4800 cal yr BP,
with the exceptions mentioned above. Available radiocarbon
data from the southern core sequence support our preferred
correlation shown in Fig. 8, but with additional radiocarbon
data, other interpretations may also satisfy the data.

3.3 Regional seismic stratigraphy

Here we examine the seismic stratigraphy of the southern
Cascadia margin, focusing particularly on the area from
Rogue Apron southward to Trinidad Canyon and Plunge Pool
to assess the local and regional continuity of the Holocene
and latest Pleistocene abyssal plain turbidite stratigraphy. Re-
gionally, the Chirp reflection profiles occasionally cross pre-
viously unmapped low amplitude folds and faults seaward of
the frontal thrust, as well as several thin debris slides visi-
ble in the section. A primary observation is that despite these
complications, the variability of the turbidite sequence is re-
markably low along strike in southern Cascadia. Overall, the
continuity of reflectors along∼ 100 km of the margin shown
in Fig. 9, and∼ 130 km length in Fig. 10 is apparent at the
resolution of detection of these data with respect to the major
reflectors in the Holocene section. The overall thickness of
the Holocene turbidite section increases northward in the di-
rection of the distal Astoria Fan, thickening 25 % (2 % km−1)
in the section shown in Fig. 9. Southward from Rogue Apron,
the section is relatively constant in thickness for a distance
of ∼ 150 km (Fig. 10), first thickening slightly, then thin-
ning, and thickening again near the Trinidad Plunge Pool and
Eel Canyon systems, the major sediment distribution systems
along the southern Cascadia margin. This observation was
initially surprising, as we had expected the turbidite stratig-
raphy to have a more significant source relationship to the
mouths of canyons, thinning rapidly away in all directions.
The data show that this is not always the case, and in fact, the
Rogue Apron, at the mouth of the very large Rogue Canyon,
is located at a regional thin spot in the Holocene trench fill.
This effect is pronounced, and is not a bias from the distri-
bution of reflection profiles and cores. These profiles suggest
this effect may be due to the presence of pre-Holocene topog-
raphy developed from Pleistocene sequences that are visible
in Fig. 11.

Cores at the Rogue Apron (M9907-30 and 31PC, TT 0909-
01JC/TC, located 5 km more distally; Fig. 4) show a local
seaward thickening, apparently due to bypassing of the more
proximal sites. The Chirp dip lines at this location and sev-
eral to the north however, show clear seaward thinning, start-
ing at about the position of 01JC, and thinning∼ 10 % in
two-way travel time over the next 8.3 km seaward along our
dip line. The seismic profiles show the broader trend over a
wider margin parallel swath than can be addressed with the
southern Cascadia cores alone.

The Chirp profiles do not image the thinner mud turbidites
directly at Rogue Apron, which we now recognize to repre-
sent a minimum thickness of the Holocene section. We traced
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Fig. 9. Compilation of ∼ 100 km of high-resolution Chirp reflection profiles parallel to the Cascadia margin. Chirp system center frequency
was 4 kHz, sweeping through 2–6 kHz. See Fig. 1b for profile location. Correlated horizons correspond to margin-wide larger turbidites
with thicker sand bases observed in Rogue Apron cores. This correlation is shown in the inset at center with core TN0909-01JC/TC and
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include the late deglacial, and show the consistency of the turbidite stratigraphy and accommodation space required for sequences of thin
mud turbidites along strike.
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Holocene reflectors northward toward Hydrate Ridge at the
base of slope and found that no additional reflectors appear in
the section, and no major reflectors terminate (60 km of sec-
tion are shown in Fig. 9). The 2 % km−1 increase in Holocene
section thickness to the north may indicate either increas-
ing sediment supply, increasing bed thickness at the southern
margin of the Astoria Fan, or, alternatively, the addition of
beds not imaged by the Chirp data.

Our correlation with the core data reveal that the Chirp
data are capable of imaging most of the main series turbidites
correlated for long distances along strike, with the very thin
T12 excepted (Fig. 9). The imaged reflectors correlate well
with the thickness of sand at the turbidite bases in the cores,
which drives the impedance contrast, not with the overall
thickness of the turbidite beds. For example, T5 is the first
bright reflector separable from the more difficult to interpret
near surface reflectors, and regionally has a high sand con-
tent in comparison to T1–4. Below T5, T6–T9 comprise a
less robust group in terms of coarse sand, and are imaged
as a more transparent package (Figs. 9, 10). The data also
image reflectors we correlate with T10, T10b, T10f, T11,
T13–14 (merged), T15, T16, T17, T17a, and T18, as well
as numerous similar reflectors below the reach of the cores,
extending into the deglacial period. A very thick coarse bed
at the base of our Rogue cores, T25, is clearly imaged as a
strong reflection near a major boundary between Pleistocene
and the late deglacial-Holocene section. The clear correlation
allows an empirical test of the resolution of the data, which
clearly image T17 and T17a, two small turbidites that are
separated by 18 cm in the cores. Allowing for a possible 5–
10 % coring compaction, the resolution of the processed data
is 18–20 cm, slightly better than the theoretical estimate. The
correspondence of these reflectors with the more robust sand
bases in the turbidites is quite good, and allows relatively ro-
bust tracking of individual turbidites between core sites and
along strike for at least 240 km.

To the south of Rogue Apron, we can test our stratigraphic
correlations shown in Fig. 10 by observing the depths of ma-
jor reflectors at the core sites. Figure 10 shows a normal and
flattened section of the reflection data from Rogue Apron
130 km southward to the northern margin of Trinidad Plunge
Pool. An easy bed to trace is the first bright reflector below
the surface beds. We associate this reflector with T5 (Fig. 9),
and track this bed along the entire length of Fig. 10, though as
with many of the reflectors, they weaken and are somewhat
difficult to trace through the region from 30–50 km south of
Rogue. This key reflector varies somewhat in depth along
strike, first deepening and then shallowing slightly 30–50 km
south of Rogue, but remaining at a relatively constant depth
of ∼ 1 m below the seafloor. Cores near Trinidad Plunge Pool
130 km to the south also show this correlated unit at∼ 1.6 m
depth (Fig. 8). Figures 8 and 10 show this bed, as well as
beds T10 and T11, in the core data and seismic section with
the same color coding. These key beds show that the overall

section thickness trends are consistent between the core and
seismic stratigraphy.

We can make several observations from the reflection data
that bear on the lateral continuity of the thin beds. First,
with continuity of the thicker regional turbidites, the context
is present for continuity of the thinner beds; something we
suggest is a primary requirement for the stratigraphic sec-
tion. Second, the continuity of the stratigraphic section along
strike includes more than simple continuity of the individ-
ual reflectors. We observe that interval thicknesses between
the primary reflectors remain quite consistent along strike
as well, and reflect a gradual southward thickening of the
overall section. For example, the unusually thick interval be-
tween T5 and T6 of∼ 50 cm is clearly imaged in the Chirp
data, and maintained among all cores at Rogue Apron , and
cores south of Rogue apron (Figure 7) as well as at Hydrate
Ridge (Fig. 3). This distinctive interval is one of the ele-
ments we have used to correlate major turbidites along strike
with both core and Chirp data. This interval is represented by
∼ 1000 yr between the average age of T5 and T6. We have in-
terpreted that the vertical interval is mostly filled with three
mud turbidites, T5a, T5b, and T5c at Rogue Apron and Hy-
drate Ridge, and would otherwise require an exceptionally
high hemipelagic sedimentation rate of 50 cm/1000 yr. to ac-
count for the accumulation of 50 cm of hemipelagic material.
The regional continuity of the 50 cm interval between T5 and
T6 therefore implies that although we cannot image the three
mud turbidites with Chirp reflection methods directly, they
are likely to present in the imaged section (Figs. 9, 10) and
account for the consistent thickness and the∼ 1000 yr of time
that exists between T5 and T6. The∼ 100 cm thickness of the
interval between T11 and T10, representing a time interval
of ∼ 1200 yr also maintains its interval thickness regionally.
This interval includes with two thicker beds, T10b and T10f,
that are imaged in the Chirp data, and three mud turbidites,
T10a, T10c, and T10d that are not. We infer that the continu-
ity of accommodation space implies continuity of the thinner
beds as well (Figs. 9–10).

4 Discussion

4.1 Triggering mechanisms

Stratigraphic correlation of individual beds among separated
sites offers a test of event synchroneity, particularly in cases
where sites are isolated from each other and from shallow
water and terrestrial sediment sources. When applicable, cor-
relation of detailed lithostratigraphy (i.e., “fingerprinting” of
turbidites through CT data and grain size proxies), combined
with age compatibility from both radiocarbon and time cal-
culated from hemipelagic sedimentation (at the resolution of
radiocarbon), can be the basis for assessing synchronous de-
position at separated sites. This method relies mainly on a
large number of sites, as individual bed characteristics may
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or may not be diagnostic (Goldfinger et al., 2007, 2008, 2011,
2012; Patton et al., 2009).

That such grain-size “fingerprint” comparisons can some-
times be made suggests that the processes that produced them
likely have some commonality, as producing very similar
grain size patterns in multipulse turbidites by coincidence is
unlikely. If common mode correlative patterns exist, to be di-
agnostic they must be reproduced in multiple canyon/channel
systems, and ideally in isolated settings with no sources of
terrigenous input or shallow water influence by storm waves
or tsunami. Detailed stratigraphic fingerprinting is a relative
dating test, where synchronous deposition or lack thereof
may be tested, and is independent of absolute dating tech-
niques and the inherent uncertainties involved in their use.

The southern Cascadia thin beds are more equivocal in
their interpretation due to bioturbation, and likely due to re-
duced efficacy of the geophysical grain size proxies in the
finer fractions due in part to the biogenic component. Fig-
ure 7 shows that this effect may be reduced by plotting the
mode of log-transformed grain size data. Bioturbation plays
a much greater role in overprinting sediment stratigraphy for
the thin beds. The thicker turbidites are much less disturbed
by bioturbation, probably because the benthic infauna was
smothered by the rapid burial event, where the smaller tur-
bidites likely did not bury and kill the local infauna. For the
thin beds, the effect may have been just the opposite, bring-
ing enough nutrients to abyssal settings to actually cause an
infaunal bloom (Thomson et al., 1988; Smith et al., 1993). In
addition, the thinner beds are simply not of sufficient scale in
some cases, particularly at Rogue Apron to avoid significant
overprinting and obscuration by bioturbation at even average
background levels. This is the primary reason that multiple
cores at a given site are desirable, because these artifacts in
any single core can by identified as “noise” with multiple
cores, but can be misleading when considered in only one
core. Another factor is that geophysical grain size proxies
are nearer to their lower limit of resolution.

Brunner and Normark (1985) and Brunner and
Ledbetter (1985, 1987, 1989) closely examined bios-
tratigraphy of mud turbidites in an effort to define both
mechanical and faunal discriminators to identify mud
turbidites. Although they were largely successful, they also
caution that such discriminators are highly subject to local
physiography and the local hydrodynamics in terms of the
evidence left behind in each deposit. These types of faunal
counting and fabric analysis techniques are exceptionally
labor intensive, and ultimately may or may not be definitive,
therefore multiple proxies and correlation techniques are
likely more effective in practice.

The continuity of seismic reflectors in the Holocene sec-
tion along 240 km of the abyssal plain centered on Rogue
Apron was surprising to us. Both the lack of thickening of the
section at the Rogue Canyon mouth, and the continuity of the
reflectors along strike suggest that the delivery of turbidites
to the southern Cascadia abyssal plain may be accomplished

in part by sheet flows from the lower continental slope. The
lack of Mazama ash in any cores south of Rogue Apron at-
tests to the lack of significant transport along the base of the
continental slope.

The case for intrasite and intersite consistency of the thin
beds is based more on the stratigraphic consistency between
sites than on individual bed structure. Consistency at our key
Rogue site was improved with addition of the 2009 core
TN0909-01JC/TC, which showed that Rogue intersite link-
ages from earlier work were replicated precisely in this core,
which is several km more distal than the original 1999 Rogue
cores. Overall, the consistency of the records among the large
number of cores spanning 380 km from Hydrate Ridge to
Trinidad plunge pool is consistent with regional synchronous
triggering.

The 21 correlated thin turbidites and the 2 thicker ones
represent an average recurrence interval of∼ 430 yr for the
thin beds. The long interval suggests that alternative triggers,
such as major storm events, are unlikely for many of the same
reasons that apply to the larger turbidites. A detailed discus-
sion of alternate mechanisms is presented in Goldfinger et
al. (2012) and is not repeated here. We see no evidence of
hyperpycnal flows in the beds discussed in this study, though
we limit this discussion to the latter half of the Holocene
south of Rogue Apron. The evidence for bed correlation be-
tween Hydrate Ridge and Rogue Apron, and southward to
Trinidad Plunge Pool is best explained by plate boundary
earthquakes of limited rupture length. Crustal and slab earth-
quakes could also contribute to the record, though the strike
lengths of such events do not seem consistent with the tur-
bidite strike lengths. In addition to the intersite correlation,
the preferred interpretation of the presence of thinner tur-
bidites at Hydrate Ridge places an additional constraint on
possible origins in that shallow-water and terrestrial origins,
such as storm or tsunami triggering, are excluded at the iso-
lated Hydrate Ridge site.

In summary, while fewer tests of origin are available for
these beds than for the margin-wide turbidites, the new core
data are consistent with the seismic interpretation of the cor-
relative turbidites in this expanded study. The analysis pre-
sented here further supports the existence of at least three
southern Cascadia seismic segments in addition to full mar-
gin ruptures (regional T1–T18; Goldfinger et al., 2012, their
Fig. 55). To this interpretation, we have added one possible
turbidite limited to the northern margin, T15AN and one ad-
ditional thin bed, T16b. Close examination of northern Cas-
cadia abyssal plain cores reveals no other coherent turbidites
that can be linked with enough data to interpret additional
northern Cascadia earthquake ruptures. Several uncorrelated
turbidites in proximal Washington canyon locations that were
noted by Adams (1990) in the original OSU and Univer-
sity of Washington 1960s cores could represent such north-
ern events. Similarly, we note that a small number of un-
correlated turbidites are also present in some of our proxi-
mal cores such as the Hydrate Ridge cores M9907-56PC and
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02PC. These uncorrelated beds are not common, and limited
to very proximal sites. They may be the result of random
self-failures, or perhaps small local earthquakes.

4.2 Regional comparisons of the turbidite stratigraphy

The regional core set allows comparisons between primary
sites along the Cascadia margin that may bear on the mud
turbidite issue. A primary observation is that the thickness of
the Holocene stratigraphic section varies considerably from
site to site. At JDF, the Holocene section with T18 at its base
is contained in 300 cm vertically. At Rogue Apron, the same
section requires∼ 680 cm, thicker by more than a factor of
two. These two sites are roughly equivalent in terms of the
hydrodynamics of the turbidity currents that delivered these
turbidites in that they both lie at the base of the continental
slope, and yet the section thicknesses are notably different.
Other differences are that the sediment supply delivery to the
canyon heads is likely greater at JDF, as this system is sup-
plied by the Columbia River, where the much smaller Rogue
system supplies Rogue Canyon. The JDF canyon must pass
through a longer more tortuous path through the broad Wash-
ington accretionary wedge however, where the multiple arms
of the Rogue Canyon are shorter, straighter, and steeper, sug-
gesting less sediment retention in that system.

Which of these factors account for the great difference in
section thickness? We can examine the total contribution of
the turbidites and the hemipelagic sediment to address this
question. We compare our four key sites and JDF, Cascadia,
Hydrate Ridge and Rogue Apron. Of the four primary sites,
each of which has multiple cores and extensive age control
(Goldfinger et al., 2012), the total mass of all Holocene tur-
bidites correlated along strike is remarkably consistent. Ta-
ble 2 shows the mass of each regional turbidite in the Juan de
Fuca, Cascadia, Hydrate Ridge and Rogue Apron cores, and
the sum of the masses for the cores. The total mass (unscaled
value; see Goldfinger et al., 2012, for method details) varies
from a low of 8, 930 at Hydrate Ridge, to a high of 11 170
at Rogue Apron, a narrow range of∼ 20 % variability among
the four sites. Surprisingly, despite the numerous differences
in sediment supply, the physiography of the canyon/channel
systems, and the path length for the turbidity currents, the
turbidites themselves do not vary that much between these
sites. This may well be a coincidence, however comparisons
between JDF and Rogue may be instructive.

As described more fully in Goldfinger et al. (2012), the
down-core series of mass values per turbidite can also be
compared between the same four key sites to examine the
turbidite sequence in more detail (Table 2). Table 3 shows the
results of this comparison using a Pearson correlation matrix.
The values range from a low value of 0.60 between Hydrate
Ridge and Rogue Apron, to 0.68–0.79 for the comparisons
between the other sites. (The result is slightly modified from
a matrix given in Goldfinger et al., 2012, with an additional
value for T16 from the new 2009 core TN0909-01JC). The

correlation between sites is moderately strong, considering
the lack of physical connection between the sites (except JDF
and Cascadia) the distances between sites, which are 250–
620 km, and the lack of any expectation that these parameters
should correlate at all. Interestingly, the lowest value corre-
sponds to the two sites spatially closest together, and most
closely correlated stratigraphically. The correlation between
the mass series per site, and the narrow range of variability
between the total mass of all turbidites per site indicates a
broad consistency in the sediment delivered by the regional
series of turbidites along strike during the Holocene. Unlike
the correspondence of total mass of Holocene turbidites at
the four sites, the inter-site correlation of the vertical bed-by-
bed series of mass values (and grain size profiles, Goldfin-
ger et al., 2008, 2012) is unlikely to be the result of chance.
This linkage demonstrates that the driver of these similar-
ities is most likely the earthquakes themselves, rather than
other external factors. This property and its implications are
discussed in Goldfinger et al. (2012). Together, the close cor-
respondence of total mass and bed-by-bed correspondence
demonstrates that the factor of two differences in thickness
between JDF and Rogue Apron, and differences at all four
sites cannot be attributed to differences in the regionally cor-
related turbidites. We note that, to date, we do not observe
similar regional correlation of turbidite mass sequencing in
cores from Sumatra or northern California.

If the regional turbidite stratigraphy cannot account for
the total thickness difference, the hemipelagic sedimentation
rate could be responsible. Regionally we can compare the
hemipelagic sedimentation rate at various sites and the re-
gional total thickness of hemipelagic sediment at those sites
to test this possibility. At Rogue apron, we interpret an av-
erage hemipelagic sedimentation rate of 15 cm/1000 yr (un-
corrected for compaction; Goldfinger et al., 2012). Similar
rates are observed at Juan de Fuca (10 cm/1000 yr), Hydrate
Ridge (11 cm/100 yr), Astoria Channel (14 cm/1000 yr), and
the Cascadia Channel (13 cm/1000 yr). These rates are simi-
lar outside of the major channel systems as well. Interchannel
cores in the Cascadia Basin with limited turbidite influence
contain a typical 90–116 cm of Holocene hemipelagic mate-
rial (Goldfinger et al., 2012, their Fig. 48), an average sed-
imentation rate of 9–12 cm/1000 yr, comparable to our tur-
bidite sites calculated by removing the turbidite thicknesses.
The hemipelagic rates are quite consistent throughout the
Cascadia Basin within the range of distance from the margin
included in this study, all of which are east of the Cascadia
Channel (Fig. 1).

At the Rogue Apron site, the sedimentation rate of
∼ 15 cm/1000 yr is calculated after removal of all turbidites,
including the interpreted mud turbidites. Only then is it com-
parable to other sites. If the mud turbidites were not removed,
the section would require a hemipelagic sedimentation rate
of ∼ 50 cm/1000 yr, a five-fold increase in the hemipelagic
rate over other sites, a rate for which we can find no jus-
tification or explanation. We infer that the inclusion of the
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Table 2.Turbidite mass totals per site.

Margin average Margin average 12PC 23PC 31PC 56PC
Turbidite Mean OxCal 2 Standard dev. following interevent prior interevent scaled scaled scaled scaled

number age range of mean ages time, years time, years mass mass mass mass

1 268 199–338 226 449.8 398.4 347.0 314.8
2 494 448–548 83 226 307 295.6 154.2 514.0 141.4
3 801 760–840 55 307 426 398.4 347.0 642.5 816.0
4 1227 1178–1277 42 426 356 282.7 347.0 347.0 861.0
5 1583 1513–1654 32 356 960 295.6 604.0 475.5 462.6
6 2543 2486–2602 23 960 471 501.2 578.3 372.7 719.6
7 3014 2922–3105 61 471 447 873.8 809.6 546.1 539.7
8 3461 3378–3542 68 447 650 1002.3 436.9 475.5 771.0
9 4111 4037–4186 52 650 650 745.3 359.8 436.9 244.2

10 4761 4666–4865 52 650 1132 385.5 192.8 552.6 205.6
11 5893 5798–5990 111 1132 552 1182.2 1606.3 1503.5 1002.3
12 6445 6349–6543 102 552 724 102.8 115.7 51.4 192.8
13 7169 7121–7218 44 724 439 668.2 282.7 886.7 488.3
14 7608 7547–7669 39 439 573 269.9 269.9 257.0 77.1
15 8181 8071–8293 95 573 757 257.0 154.2 591.1 192.8
16 8938 8781–9106 62 757 154 1156.5 2852.7 1498.0 1040.9
17 9092 8966–9212 38 154 100 231.3 501.2 334.1 282.7

17a 9192 9000–9357 39 100 565 154.2 141.4 681.1 154.2
18 9757 9629–9911 94 565 388 244.2 501.2 655.4 424.1

mass totals per site 9496.2 10652.7 11167.6 8930.8

Table 3.Pearson correlation, mass per event by site.

12 PC 23 PC 31 PC 56 PC

12 PC 1
23 PC 0.724113066 1
31 PC 0.698876666 0.790911571 1
56 PC 0.681114201 0.683977407 0.603208391 1

interpreted mud turbidites is required to account for both the
rates and total thickness of hemipelagic sediment deposited
between turbidites. We infer that the difference between JDF
and Rogue is therefore not due to regional hemipelagic sedi-
mentation rates, and is not due to differences in the regional
turbidites themselves, which are not large enough. The dif-
ference is the presence of the 23 southern turbidites, which
are not present at JDF (with one possible exception discussed
below). In Fig. 11, we summarize the differences between
the JDF and Rogue Apron sites graphically. Cores for both
sites are shown schematically but at true scale side by side.
While the similarities in mass and total thickness of sandy
turbidites might be coincidence, it allows a direct comparison
of other differences. To the JDF core, we add the thickness of
mud turbidites, the differential in hemipelagic sedimentation
rate, the difference in regional turbidite thicknesses between
sites, and the difference in total basal erosion as compiled in
Goldfinger et al. (2012). When compensated for these known
differences, the cores are essentially the same length, dif-
fering by only 22 cm. Figure 11 graphically illustrates the

contribution of the 21 interpreted mud turbidites, and the two
sand turbidites limited to the southern margin which com-
prise most of the difference.

Similarly, the Astoria site has a complete Holocene sec-
tion of ∼ 330 cm in length. This section is interpreted to in-
clude three to four of the thinner turbidites, which are corre-
lated in Goldfinger et al. (2012) to T5b, T8a or b, T9a, and
T10b. These correlations could be incorrect, and the Asto-
ria beds may be slightly different than those at other sites
to the south, or alternatively, they could be local uncorre-
lated beds. In any of these alternative interpretations, the sec-
tion thickness at the Astoria site, also a base of slope site is
comparable to JDF, with the addition of the four thin beds.
Again, we note that the difference in total section thickness
between Astoria and Rogue Apron is approximately equiv-
alent to the total thickness or mass of the missing mud tur-
bidites that are present at Rogue. Lastly, we compare Hy-
drate Ridge to Rogue Apron. The HR site was interpreted
by Goldfinger et al. (2012) to include about half of the thin-
ner turbidites present at the Rogue site. Radiocarbon ages,
calculated ages, and stratigraphic correlation suggest that the
HR site likely contains beds T3a, T4a, T5a, T5b, T5c, T9a,
T10a, T10b, T10c, T10f, T12a, T16a, and the newly inter-
preted T16b. Alternatively, these beds could represent ran-
dom events located in similar stratigraphic positions at the
two sites. The total Holocene section is 770 cm thick at the
Hydrate Ridge site, 13 % thicker than at Rogue Apron, de-
spite the missing mud turbidites. The Hydrate Ridge site is
perhaps not as comparable to the other base of slope sites
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Fig. 11.Schematic comparison of stratigraphic sequences at the Juan de Fuca Channel and Rogue Apron at true scale. Major sandy turbidites
for both cores are shown in yellow, mud turbidites shown in grey. Below the JDF core diagram, we add four units that represent the difference
between the two sites. (1) The total thickness of mud turbidites from Rogue Apron; (2) the increased overall thickness of Rogue turbidites,
15 % greater than JDF, is added to both mud and sand turbidites; and (3) the 150 % difference in hemipelagic sedimentation rate (Goldfinger
et al., 2012); and (4) the difference in basal erosion at the turbidite bases, compiled from Goldfinger et al. (2012). The net difference in
Holocene section thickness is∼ 22 cm or 3.1 %, with the greatest component of the section difference attributable to the presence of 23
southern Cascadia turbidites present at Rogue Apron.

www.nat-hazards-earth-syst-sci.net/13/2109/2013/ Nat. Hazards Earth Syst. Sci., 13, 2109–2146, 2013



2134 C. Goldfinger et al.: Spatially limited mud turbidites

in that it is a lower slope basin not fed by a canyon sys-
tem. We infer that this section thickness difference is most
likely attributable to the very different site physiography and
the proximal location of the Hydrate Ridge cores at the base
of the cliff bounding the Hydrate Ridge west basin. The
multiple cores at that site demonstrate a rapid thinning of
the sedimentary section away from this bounding cliff. Core
01KC, positioned only 2.31 km more distally from our pri-
mary core 56PC, is 248 cm in length, with a basal age of
24 600 (24 320–25 020) cal yr BP. The distal thinning of the
Holocene section at other sites is much more gradual than
the dramatic thinning observed at Hydrate Ridge, making it
difficult to use the total thickness comparisons as we have
done for other sites.

In the Supplement, we briefly discuss preliminary observa-
tions of cores from the Washington cores from the Washing-
ton continental slope and assess the probability of additional
northern segmented ruptures.

4.3 Comparison to onshore paleoseismic sites

4.3.1 Bradley Lake, a coastal barrage lake

Bradley Lake is a coastal lake in southern Oregon that
contains a tsunami record of marine sands that inundated
the lake. Kelsey et al. (2005) established the requirements
for such inundation in detail, and they concluded that the
tsunami record there was attributable to a local, rather than
distant, tsunami. Goldfinger et al. (2012) discuss a refine-
ment of the radiocarbon ages from Bradley Lake that brings
the Bradley Lake event record into better temporal alignment
with the offshore turbidite stratigraphy.

The Bradley Lake record is based on tsunami deposited
sands for 12 “disturbance events”, and on lake-sediment dis-
turbances (local turbidites?) for four others (Kelsey et al.,
2005). The Bradley Lake record exhibits a greater number
of disturbance events per unit time than other Cascadia on-
shore records, including 12 sand beds that require a tsunami
height of > 5.5 m to reach the lake (Kelsey et al., 2005).
The Bradley Lake tsunami stratigraphy includes maximum
(960 yr) and minimum (22 yr) inter-event times (Kelsey et al.,
2005), comparable to the offshore minimum and maximum
intervals of 1190 and 40 yr, respectively.

Bradley Lake may be one of the few onshore coastal sites
that has evidence of the smaller class of earthquake gener-
ated turbidites inferred at Rogue Apron, Hydrate Ridge, and
other southern Cascadia offshore sites. The mean Bradley
Lake recurrence interval is 390 yr (0–4600 cal yr BP; Kelsey
et al., 2005); considerably shorter than other onshore paleo-
seismic localities and somewhat higher than the offshore av-
erage of 220 yr for 20 turbidites during the same∼ 4600 yr
period that Bradley Lake was a good paleoseismic recorder
(corresponding to offshore turbidites T1–T9a). Bradley Lake
does not have an equivalent of the smaller regional T2 bed,
and also has no record corresponding to a number of the thin

beds in Rogue Apron cores. The temporal record at Bradley
Lake exhibits clusters of events and large time gaps similar to
those evident in the offshore record of major turbidites form-
ing strong ties between the two. For the time between T3
and T5 (∼ 800–1550 cal yr BP), the offshore record contains
five turbidites, and Bradley Lake includes the same number
of tsunami sands. For this period, both records have a recur-
rence interval of∼ 190 yr. Between the time of offshore T5
and T6 (∼ 1550–2550 cal yr BP), a 1000 yr gap in the ma-
jor turbidite record, the offshore record includes three thin
mud turbidites, T5a, T5b, and T5c, (which become sandy
turbidites further south). Bradley Lake recorded no distur-
bance events during this∼ 1000 yr gap. The gap itself is
a key link between Bradley Lake (and other onshore sites)
and the Rogue Apron and Hydrate Ridge sites, and all off-
shore sites record this 1000 yr gap in the regional turbidite
record. (A possible equivalent of T5b is recorded at the Co-
quille River at∼ 2100 cal yr BP, close to the offshore average
age of 2040±150 cal yr BP). For the period between T6 and
T10 (∼ 2550–4900 cal yr BP), the offshore record includes
11 turbidites, with an average recurrence interval of 235 yr.
Bradley Lake includes eight disturbance events during that
period, with a recurrence interval of 335 yr. Prior to that time,
Bradley Lake is not considered to have been a reliable pale-
oseismic recorder (Kelsey et al., 2005).

Based on the temporal record alone, the offshore record
includes 15 major turbidites from 250–7200 cal yr BP (in-
cluding T10b and T10f), and 16 thinner turbidite beds. The
Bradley Lake record includes 17 disturbance events during
the same period. Bradley Lake includes potential tempo-
ral equivalents of 8 of 9 major turbidites (T1, T3, T4, T5,
T6, T7, T8, and T9) during the favorable period of record-
ing, 0–4600 cal yr BP, Bradley Lake also has potential tem-
poral correlatives of thin turbidites T3a, T4a, T7a, T8a, T8b,
and T9a, each of which can be categorized as a smaller
tsunami based on areal extent and sediment characteristics
in the lake (Kelsey et al., 2005; and compared in detail to
the offshore turbidites in Goldfinger et al., 2012, their Ap-
pendix 11). These six turbidites, with potential direct correla-
tives in Bradley Lake, are therefore more robustly interpreted
as derived from plate boundary earthquakes.

The evidence for tsunami entering Bradley Lake at times
that correspond to some of the offshore turbidites, but do
not correspond to regional margin-wide earthquakes pro-
vides a third independent line of evidence for additional
smaller earthquakes in southern Cascadia. Cascadia earth-
quakes recorded in Bradley Lake must meet the requirement
to generate a tsunami height of∼> 5.5 m to overtop the bar-
riers to Bradley Lake (Kelsey et al., 2005), which likely ex-
cludes slab and upper plate earthquakes, and would likely
exclude the local, smaller tsunami, or perhaps those that oc-
curred at low tide. We do not observe a correlation between
turbidite mass per event or strike length between the Rogue
thinner beds and the presence of a temporally correlative dis-
turbance event in Bradley Lake.
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4.3.2 Coquille River and Sixes River

The Sixes estuary and Coquille River onshore paleoseismic
records represent the best onshore marsh subsidence-tsunami
sites in southern Cascadia. Multiple soils buried by estuary
mud show evidence of coseismic subsidence, incursion of
tsunami sands with marine diatoms over the wetland soil sur-
face, and some associated liquefaction features (Kelsey et al.,
1998, 2000; Witter et al., 2003; Kelsey et al., 2002; Witter
and Kelsey, 2004).

The Coquille River site, near Bandon, Oregon, has evi-
dence of fifteen earthquakes, thirteen of which have been
dated in a span of∼ 6500 yr (Witter and Kelsey, 2004). The
Coquille site, like Bradley Lake, compares well with the off-
shore series of larger turbidite beds. In the time range from
250–6600 cal yr BP, all turbidites except T3, T6, and T11 ap-
pear to have onshore equivalents. Of the thinner offshore
beds, the Coquille River site has temporal equivalents of
T5b, T8b, T9a and T10b, having recorded a number of earth-
quakes that are apparently not margin wide, as did Bradley
Lake.

The Sixes River site, Oregon, has evidence of twelve
earthquakes, eleven of which have been dated (Witter et al.,
2004) in∼ 5900 yr, with a recurrence interval of∼ 515 yr,
considerably higher than Bradley Lake and the offshore
record. The Sixes River paleoseismic record has a long gap
with evidence of only one undated earthquake between the
1700 AD earthquake and the next younger dated earthquake
at ∼ 2000 cal yr BP. By comparison, the offshore record in-
cludes eight turbidites during that period: T2–T5a. Earlier
than ∼ 2000 cal yr BP, the Coquille River record tracks the
offshore paleoseismic record well, with possible temporal
correlatives for T5b, T6, T7, T8, T8a or T8b, T9, T10, T10b,
and T11 (Goldfinger et al., 2012), which if correct would
leave, T10c, T6a, T7a, T8a, T9a, and T10a, T10c, T10d,
T10e, and T10f unrecorded onshore.

The Coquille and Sixes River sites are evidently less sen-
sitive recorders of earthquakes than Bradley Lake. They both
record some, but not all of the events that are limited to south-
ern Cascadia. The smaller earthquakes they both record may
be equivalent to offshore beds T5b, T8a or T8b and T10b.
With the exception of T10b, all the missing beds are of the
thinner class of turbidites offshore. The potential correlatives
are regionally some of the largest of that class, as can be seen
in Fig. 8, consistent with these earthquakes having exceeded
the recording threshold at the Coquille and Sixes rivers.

Goldfinger et al. (2012) also compared size characteris-
tics of the earthquake evidence at these two sites to the off-
shore record (their Appendix 11). Like Bradley Lake, the
Coquille and Sixes sites track the size characteristics mod-
erately well, and suggest that a recording threshold controls
the appearance of smaller earthquakes in the onshore record.
Compared to the turbidite record, large events are likely to
appear onshore, potential equivalents of small turbidites are
commonly absent, and moderate turbidites may be included

in the onshore record, but with some gaps. Significant mis-
matches in relative size and energy proxies were uncommon.

4.3.3 Humboldt Bay Area

Valentine et al. (2012) present a new analysis of data col-
lected in the southern Cascadia region in the vicinity of Hum-
boldt Bay and the Eel River delta. Data were collected in
a series of studies over several decades, and include bulk
peat ages collected at several sites. The large errors asso-
ciated with these ages are not ideal in modern studies, but
nevertheless are still quite useful for a general assessment
of coastal subsidence events, particularly when observed at
several sites. Coastal subsidence events in the southernmost
part of Cascadia are observed at a total of seven sites at four
areas including the Mad River slough, two areas of Hum-
boldt Bay, and the Eel River delta. Valentine et al. (2012)
assess a total of six coastal subsidence events in terms of the
range of abrupt relative sea-level (RSL) rise and the similar-
ity of radiocarbon ages for the events among the sites stud-
ied and regional paleoseismic data. Of these rapid submer-
gence events, the authors consider events 1, 4, and 6 to be
regional CSZ (Cascadia Subduction Zone) earthquakes, and
events 2, 4, and 5 to be potential southern CSZ or even more
localized earthquakes. We agree that events 1 and 4 are most
likely regional earthquakes based on the onshore evidence
of significant subsidence of 0–75 cm based on marsh verti-
cal zonation and close correspondence in age with other land
and offshore sites. Event 2 was considered equivocal, with a
reduced observed subsidence of 0–50 cm, and the observa-
tion of this event at a subset of the core sites. This less robust
event could therefore be either a local or perhaps a smaller re-
gional event. Because a subsidence event with a compatible
age was observed at four of seven sites spanning several local
structures, we suggest that it might be a regional earthquake.
The preferred age range for this event of 500–600 cal yr BP is
compatible with the mean turbidite age for offshore event T2
(480± 100) considering the peat age is a minimum limiting
age for that event. In the offshore record, T2 is generally a
thin event as correlated in Goldfinger et al. (2012), and it is
not apparent at most Cascadia onshore sites. The new cores
in this study reveal that T2 increases in thickness southward,
and becomes more prominent relative to other beds, sugges-
tive of T2 having a more prominent position in the turbidite
stratigraphy, and potentially representing a larger earthquake
in southern Cascadia, perhaps reaching a recording threshold
and subsequent preservation onshore in southern Cascadia.
The next event in chronological sequence is found at the Eel
Delta site, dated at 660–920 cal yr BP. This event is similar
to the age of offshore event T3 (800± 120 cal yr BP), though
with the low precision of peat ages, its age is less certain.
Valentine et al. (2012) lump this age in with the much older
ages for event E3, which seems unlikely to us. Peat beds E3
and E4 apparently occurred closely in time, with 0–200 yr
separating them. E4 is considered a regional event based on
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greater subsidence (> 50 cm at some sites) and appearance
in more sites. E3 with reduced subsidence is considered a
likely local event. Considering the large error ranges for the
bulk peat ages, either E3 or E4 could be correlatives of off-
shore event T4, and onshore regional earthquakes recorded
at numerous onshore sites. If the smaller event E3 is not re-
gional turbidite T4, it could be either local to the Humboldt
area, or could correlate to offshore event T3a, a turbidite lim-
ited to southern Cascadia. Humboldt event E5 was consid-
ered equivocal by Valentine et al. (2012) based on equivocal
and reduced evidence of subsidence, though an event of this
age is recorded at all offshore (T5) and numerous onshore
sites. Offshore event T5 is a thick prominent turbidite at all
sites south of Rogue Apron. Event E6 is interpreted as oc-
curring between 1750–1900 cal yr BP, a time when no Cas-
cadia wide earthquake is observed (Goldfinger et al., 2012).
Southern Cascadia turbidites T5a and T5b could both poten-
tially be correlative with this subsidence event. T5a is a thin
ephemeral bed that is not observed north of Hydrate Ridge,
while T5b is a robust event interpreted as likely present at
all offshore sites south of the Astoria Canyon (Goldfinger et
al., 2012). Events of similar age are also observed onshore at
Bradley Lake (Kelsey et al., 2005), the Coquille River (Wit-
ter et al., 2003), the Sixes River (Kelsey et al., 2002), and
the Salmon River (Nelson et al., 2006), all in Oregon, and
possibly Johns River, Washington (Shennan et al., 1996). We
suggest that Humboldt Bay sites at South Bay and Eel River
may have recorded this event. A seventh buried soil (2100–
2700 cal yr BP), may be a correlative of offshore event T6
(2540± 140 cal yr BP).

4.3.4 Cascadia forearc lakes

A CSZ earthquake ofMw = 9 would produce severe shaking
along the coast, and strong to very strong shaking as far in-
land as the Cascade Range foothills. Strong motion data from
the 2011 Tohoku earthquake recorded values of 1.0–2.0 g at
strong motion stations as far as 20–40 km from the coast
(Furumura et al., 2011), comparable to the Cascadia Coast
range. Studies of seismic shaking in the inland Cascadia
lakes region, however, are limited to just Lake Washington
and several cursory searches for liquefaction features (Karlin
and Abella, 1992; Karlin et al., 2004). Lake Washington is
a large (22 km by 5 km), moderately deep, steep-sided lake
formed in a glacially carved basin in Puget Sound. Sidescan
images show numerous sediment slumps and debris flows,
and high-resolution seismic profiles show large retrogres-
sive slope failures. Lake Washington turbidites have mag-
netic susceptibility signatures that can be correlated through-
out the lake, and which have been interpreted as shaking-
induced sediment failures. Although one bed (event E) was
attributed to a large earthquake (dated to 900–930 AD) on the
Seattle Fault (the strands of which underlie Lake Washing-
ton), the 300–500 yr recurrence interval and temporal rela-
tionship to subduction zone earthquakes known from coastal

records, suggest the lake sediments also record subduction
zone earthquakes.

Other Cascadia lake sediments from sites west of the Cas-
cade Range have been cored and used extensively for re-
constructions of climate, vegetation and fire history (Dear-
ing and Jones, 2003; Briles et al., 2005, 2008; Whitlock
et al., 2001, 2008; Long and Whitlock, 2002; Long et al.,
2007). Inorganic turbidites have been attributed to increased
sediment transport into lakes as a result of post-fire erosion
(Millspaugh et al., 2004), meltwater events (C. Briles, per-
sonal communication, 2011), increased runoff following se-
vere storms (e.g., Noren et al., 2002), and effects of land
clearance and logging roads (Colombaroli and Gavin, 2010).
While previous studies were able to use these explanations
for minerogenic facies, the lack of consideration of seismic-
ity may simply reflect relatively recent development of the
paleoseismic history in western Oregon and Washington.

Our initial examination of core records from southern Cas-
cadia lakes revealed that they contain minerogenic beds (tur-
bidites) that have a similar frequency and timing to the off-
shore and onshore paleoseismic record of plate boundary
earthquakes. We also observe that the geophysical signatures
of the lake turbidites in some cases look remarkably simi-
lar to the magnetic susceptibility and density signatures of
offshore turbidites at similar latitudes in terms of the rela-
tive size sequence of the beds, and the individual grain size
sequences within each bed (as reflected in the geophysical
data). We initially investigated these beds in Sanger Lake,
CA, Bolan Lake, OR, which are alpine cirque lakes, and
Upper Squaw Lake, a landslide dammed lake, all three of
which are near the California/Oregon border (Briles et al.,
2008; Colombaroli and Gavin, 2010). We also examined a
core from Triangle Lake, Oregon (Gavin and Kusler, unpub-
lished data). The cores from these lakes have a number of14C
ages, and the time series of the inorganic turbidites is also
quite compatible with land paleoseismic and turbidite event
ages offshore (see Morey et al., 2013). Two of these sites
have cores long enough to contain the Mazama ash datum.
In detail, we find that the Triangle Lake record most closely
resembles that of Hydrate Ridge, which are at similar lati-
tude. Sanger, Bolan and Upper Squaw lakes most closely re-
semble Rogue, Smith and Klamath cores, also at similar lat-
itudes. By this, we mean the relative magnitude of the mag-
netic peaks, reflecting the thickness and mineral content of
the beds, both for individual beds, and for the bed sequence.
For example, the largest bed in the Triangle core is dated at
5930 (5710–6190) cal yr BP, and is massive with two sepa-
rate fining upward beds and magnetic peaks. Similarly, the
largest Cascadia turbidite, T11, is also massive with fining
upward sequences (two magnetic peaks) and has a radiocar-
bon age similar to other Cascadia sites. The sequence of tur-
bidite “sizes” and some individual details of the magnetic
profiles are striking for many beds, but not all. For example,
the potential equivalents of offshore T9 and T10 are weakly
expressed in the Triangle Lake core.
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We note that the frequency of larger silt beds in the lake
cores for specific time ranges of overlap is very similar to
the offshore turbidite record, and that the14C constrained
event sequence is also very similar. The lake records exam-
ined thus far also contain thinner beds in many of the same
stratigraphic positions occupied by the smaller mud/silt tur-
bidites in the offshore cores (at Hydrate Ridge, Rogue Apron,
Smith Canyon, Klamath Canyon and Trinidad Plunge Pool;
Fig. 1, Table 4). The four lakes span different time ranges
and have different quality and quantity of age control. Ta-
ble 4 summarizes the time range of the coastal and lake data,
the time range investigated in this report, the data source, and
the turbidites that may have corresponding offshore equiv-
alents (given as correlated offshore bed names reported in
Goldfinger et al., 2012). In total, the four inland lakes con-
tain permissive stratigraphic and temporal equivalents of off-
shore thin turbidite beds T2b, T2c, T4a, T5a, T5b, T5c, T6a,
T10b, T10c, and T10f. We note that the beds with no ob-
served evidence for potential correlatives onshore are among
the thinnest and least robust of the offshore turbidites.

In this paper, and in Morey et al. (2013), we propose al
alternative mechanism for emplacement of at least some of
the observed lake sediment events. We suggest that drainage
events move sediment downslope toward the lakes in inter-
seismic times, “reloading” potential lake margin sediment
failure zones that may then be triggered during earthquakes
(i.e. Dadson et al., 2004, 2005). This process may closely
parallel the marine process offshore, where coastal rivers
reload the offshore canyon heads simultaneously (Som-
merfield and Nittrouer, 1999; Sommerfield and Wheatcroft,
2007; Puig et al., 2004).

The comparisons in Table 4 are preliminary and somewhat
qualitative given the range of types of observations and qual-
ity of radiocarbon evidence. These preliminary observations
are more extensively discussed in Morey et al. (2013), this
volume, though improved tests of onshore–offshore correla-
tion await further investigation.

4.4 “Recording” threshold

The question of what threshold is required to generate turbid-
ity currents capable of leaving an interpretable stratigraphic
record is more complex than simply assessing slope stability.
Generating an auto-suspended turbidity current of sufficient
volume likely involves not only slope conditions and acceler-
ations, but also the specific slip distribution, frequencies, and
directivity of the earthquake, shallow stratigraphy at failure
sites, attenuation characteristics of the regional geology, how
channelized the delivery system is, as well as long-term sed-
iment supply, recent history of prior earthquakes, and likely
other factors. A few historical examples offer clues to this
value. Relatively small earthquakes in settings with long re-
currence intervals and low attenuation are known to gener-
ate large slope failures and turbidity currents (1929 Grand
Banks Mw = 7.2; Heezen and Ewing, 1952; Piper et al.,

1988). More applicable to this paper are turbidity currents
known from active margin settings with higher frequencies
and high attenuation factors. Accelerations expected from
earthquakes ofMw ∼ 7.9 are known to be sufficient to gen-
erate turbidity currents that leave significant turbidites on
the abyssal plain in similar lithologies and regional settings
based on the turbidite record of the 1906 and prior earth-
quakes on the northern San Andreas Fault (Goldfinger et al.,
2007, 2008). A turbidite associated with the 1952 Tokachi-
Oki Mw = 8.1 earthquake has been identified in the Kushiro
fan off Hokkaido (Noda et al., 2008). Two other historical
earthquakes, the 1961 and 1973 Nemuro-Oki earthquakes of
Mw = 7.2 and 7.4 respectively were also likely recorded in
the Kushiro fan cores as reported by Noda et al. (2008). The
PGA (peak ground acceleration) from these earthquakes was
also estimated to be less than 0.3 g, providing additional con-
straints on the recording “threshold” for seismogenic trigger-
ing of sufficient strength to be recorded geologically. The
2003 Tokachi-Oki earthquake, also ofMw = 8.3 occurred
slightly landward of the 1952 event, and though it generated
a turbidity current recorded at a seafloor observatory (Mikada
et al., 2006), an obvious turbidite associated with this event
was not observed by Noda et al. (2008).

TheMw = 7.7 Sanriku-Oki earthquake of 1994 generated
turbidity currents sourced from the continental slope that
were observed in sediment traps on the lower slope and in
the trench. The high lithic sediment fluxes were observed fol-
lowing the earthquake in deep water, when no such flux was
observed in shallower water, and at a time when there were
no other biogenic “blooms” (Itou et al., 2000). The “high”
fluxes of 4.2 g/m3/day at a range of∼ 100 km from the sed-
iment trap site were very modest however, and likely would
not be recorded geologically, at least at that range.

Johnson et al. (2006) report that the Monterey submarine
fan records turbidity currents with an average repeat time of
∼ 230 yr (similar to the NSAF, Goldfinger et al., 2008), and
a youngest event that may represent the 1906 San Andreas
earthquake. The 1989Mw = 7.1 Loma Prieta earthquake is
thought to have generated a turbidity current in the Monterey
Canyon based on the transport of up to 1.9 km and damage
caused to a group of moorings located along the canyon axis
on a 1.2◦ slope (Garfield et al., 1994). The earthquake epi-
center was∼ 50 km from the site of a rock fall and proba-
ble slumping related to generation of the turbidity current,
which had an estimated height of 200 m in deep water. The
event almost certainly left a geologic record, though none has
yet been reported. The historical evidence available therefore
suggests a recording threshold for active margin settings may
lie in the range ofMw = 7.0–7.4, though this is very poorly
constrained at present.

In the Supplement, we present a slope stability analysis
that bears on the minimum shaking levels required for Cas-
cadia subduction earthquakes, and also present evidence for
post- 1700 AD earthquakes. Both of these topics bear directly
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Table 4.Summary comparison of onshore paleoseismic evidence and offshore turbidite stratigraphy.

Site Regional turbidite
correlation

Small turbidite
correlation

Offshore Site(s) used
for comparison

Time range of data Time Range investigated

Triangle Lake T22, T42, T61, T71, T111 T4a2, T10b2, T10c2,
T10f2

Hydrate Ridge, Rogue
Apron

0–6000 cal BP 0–6000 Cal BP

D. Gavin (unpublished
data)

further analysis required further analysis re-
quired

Morey et al. (2013)

Bolan Lake Bolan lake similar to
Sanger

Bolan lake similar to
Sanger

Rogue Apron, Smith
Canyon, Klamath
Canyon

0–13 000 cal BP 0–9800 cal BP

Briles et al. (2005, 2008)

Upper Squaw Lake T12, T21, T31, T51 T2b1, T2c1, T5a2,
T5b2T5c2

Rogue Apron, Smith
Canyon, Klamath
Canyon

0–2000 cal BP 0–2000 cal BP

Colombaroli and
Gavin (2010)

further analysis
required

further analysis
required

Sanger Lake T21, T32, T42, T52, T61,
T71,

T6a1, T10b2, T10f2 Rogue Apron, Smith
Canyon, Klamath
Canyon

0–14 000 cal BP 0–8900 cal BP

Briles et al. (2008) T101, T111, T131, T142,
T152

further analysis
required

further analysis
required

Bradley Lake T13, T33, T44, T53, T63,
T73, T84, T93, T104

T3a3, T4a4, T7a4,
T8a4, T8b4, T9a4,
T10c3

Hydrate Ridge, Rogue
Apron

0–7200 0–7200

Kelsey et al. (2005) T122, T131

Coquille River T13, T43, T53, T73, T83,
T93, T104, T124

T5b4, T8b4, T9a3,
T10b3, T12a4

Hydrate Ridge, Rogue
Apron

0–6500 0–6500

Witter et al. (2003)
Witter and Kelsey (2004)

Sixes River T14, T43, T63, T73, T83,
T93, T113

T5b3, T5c3, T8a4or
T8b4, T9a4, T10b3

Hydrate Ridge, Rogue
Apron

0–6000 0–6000

Kelsey et al. (2002)
Witter and Kelsey (2004)

Humboldt Bay T1, T2, T3, T4, T5
possible5

T3a, T5b possible5 Rogue Apron, Trindad
North

0–3500 0–3500

Valentine et al. (2012)

Notes:1probable, see Morey et al. this volume.2 possible, see Morey et al. (2013).3 probable based on age overlap and relative size comparison. Most of these events passX2,
Acomb and Amodel Oxcal criteria when onshore and offshore ages are combined. See Goldfinger et al. (2012) comparison matrix, their Appendix 11.4 possible based on age
overlap and relative size comparison. See Goldfinger et al. (2012) comparison matrix for Bradley, Sixes and Coquille sites, their Appendix 11.5 possible, based on overlapping
radiocarbon ages only.

on the issue of recording threshold and completeness of the
Cascadia paleoseismic record.

4.5 Implications

A primary observation that segmented earthquake ruptures
occur primarily in southern Cascadia, with variable northern
(and probably southern) limits, is supported by the additional
new data presented here. Ruptures interpreted to terminate
at or near Rogue Apron include T2a, T6a, T6b, T7a, T8a,
(or T8b), T9b, T10d, and T15a. These beds are among the
faintest in our records at Rogue, though we now interpret
T2a, T8a, T8b, and T9b to coarsen southward. Eight rup-
tures likely terminate near Hydrate Ridge: T3a, T4a, T5a,
T5c, T10a, T10c, T10d, possibly T10f, T12a, T14a, T16a and

T16b. These ruptures are interpreted to appear in both Rogue
Apron and Hydrate Ridge cores, but do not appear in Asto-
ria Channel cores. All of these beds coarsen south of Rogue
Apron. Three or four ruptures that may extend north of Hy-
drate Ridge include T5b, T9a, T8a or b, and T10f, but we
are unable to determine the limits for these beyond Hydrate
Ridge with confidence.

The southern limits of many of the correlated mud tur-
bidites remain difficult to determine with existing data. Fig-
ure 8 substantially improves the southern margin correlations
over those presented in Goldfinger et al. (2012), but are still
largely limited to times later than T11 (∼ 5900 cal yr BP).
New cores TN0909-09 and 10 JC, and 1999 core M9907-
41PC in the Eel Channel contain a number of additional
turbidites and an expanded section. Work on these cores
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is ongoing; as of this writing, we observe that they have
greatly expanded sections and additional uncorrelated tur-
bidites. While these cores very likely include earthquake
records, they may also include storm input from the Eel River
(e.g., Puig et al., 2004), and potentially could include evi-
dence of Gorda Plate, Mendocino Fault, and northern San
Andreas earthquakes as well. These 2009 cores will help
clarify the southern Cascadia record further, but further anal-
ysis is required.

The generation of similar phenomena in a number of dif-
ferent environments in response to great earthquakes should
not be surprising. What is surprising is the apparent fi-
delity with which past earthquakes may have been recorded.
Cores from Effingham Inlet off Vancouver Island, British
Columbia, Canada, (Dallimore et al., 2005, 2009; Enkin et
al., 2013) are similarly striking. The Effingham studies in-
terpret a number of seismites in marine cores, based on the
distinct wall rock signature from the fjord walls and the fin-
ing upward distinctive turbidite signature, as compared to the
background sedimentation. They identified and dated the de-
posit from the 1946 Vancouver IslandMw = 7.2 earthquake,
and a number of other Holocene seismites. Physical prop-
erty, “wiggle match”, correlations of six of the Effingham
Inlet beds and turbidites of compatible age in our Casca-
dia Channel cores are shown in Goldfinger et al. (2012). A
strong stratigraphic signature common to both nearshore and
offshore cores, and , in some cases, lake deposits (Morey et
al., 2013) is apparent, as well as a correspondence of relative
thickness of the beds downcore, again supported by compat-
ible age control. We believe that this evidence lends strong
support to an earthquake shaking “signature” as the common
link between these fjord, lake and offshore cores (Goldfinger
et al., 2011, 2012). Preliminary field evidence and experi-
mental results that address the hypothesis of recording of the
earthquake source signatures in turbidite deposits is reported
in Goldfinger et al. (2011, 2012) and Garrett et al. (2011).

The evidence for coarsening of many (but not all) of the
Rogue Apron turbidite beds southward may have one or more
causes. Southward increasing sediment supply could be a
factor in the observed trend. The high sediment discharge
from the Eel and Klamath–Trinity river systems, and sub-
sequent northwesterly transport of this material during the
storm season is consistent with recharge of the upper canyon
reaches for the Trinidad, Klamath and Smith canyon sys-
tems (Griggs and Hein, 1980; Sommerfield and Wheatcroft,
2007). The northward diminishing plume is also consis-
tent with the thinning of the Holocene section and is gen-
erally consistent with a thinner Holocene section at Kla-
math Canyon, but fails to explain the overall thicker sec-
tion in the area of Smith Canyon. The present sediment dis-
charge of the Smith River is roughly an order of magni-
tude smaller than the Klamath River (∼ 3.3× 109 kg yr−1 vs.
0.4× 109 kg yr−1; Wheatcroft and Sommerfield, 2005; Cali-
fornia Beach Restoration Study, 2002), opposite to the trend
observed offshore. The present difference might be attributed

to modern anthropogenic activity (Holmquist-Johnson and
Milhous, 2010), mixing of sources on the abyssal plain, or
other causes.

The observation that some of the Rogue turbidites thin and
fine southward while others coarsen, suggests that sediment
supply and delivery are not the only factors involved in thick-
ness and grain size trends in southern Cascadia. Consider-
ing the seven core sites shown in Fig. 8, regionally corre-
lated beds T2, T3, T5, and T9 increase in thickness, den-
sity, and grain size southward, to a greater degree than the
regional trend. Conversely, regional beds T4, T6, T7, T8,
T11, and T16 diminish southward. While many turbidites
coarsen southward, most do not thicken southward as we ini-
tially expected, though some do (Supplement, Table S4 and
Fig. S1). The consistency of this observation across several
depositional systems suggests that the energetics of the trig-
gering earthquakes (or other causes) may play a role as well.
Goldfinger et al. (2008, 2012) proposed the Cape Blanco area
as a seismic and structural segment boundary based on the
paleoseismic evidence onshore and offshore, and the sub-
duction of significant topographic features (the Blanco Frac-
ture Zone and a nearby rift propagator that has been reac-
tivated as a compressional structure, Chaytor et al., 2004).
Other investigators have proposed a segment boundary at es-
sentially the same location based on geodetics and the loca-
tion of the Klamath–Siletzia terrane boundary (Burgette et
al., 2009). If the Cape Blanco area is a persistent seismic
segment boundary, we suggest that area may have reduced
slip during earthquakes that terminate there as well as those
that jump the boundary, similar to the observations at the
persistent segment boundary between the 2004–2005 Suma-
tran earthquakes at Simeulue Island (Meltzner et al., 2012).
Meltzner et al. (2012) have shown that slip drops to very low
values at the segment boundary, which is exposed on Simeu-
lue Island. If correct, this reduced shaking and subsequent
sediment transport downslope may account for the local thin-
ning of the Holocene section at Rogue Apron, despite the
presence of a major submarine canyon. This is particularly
striking considering that the Holocene section actually thick-
ens toward the minor Smith Canyon, and away from Rogue
Canyon which is a major drainage of the southern Casca-
dia margin. Alternatively, this observation could be due to
pre-existing abyssal topography. Similarly, we also suggest
that the trends in bed coarseness and in particular the trends
in bed thickness that are discordant with the regional trend
could represent real trends in the slip distribution of those
earthquakes. The beds that trend in the opposite sense to the
regional thickness and grain size trends (T1, T4, T6, T7, T8,
T11, and T16) are the most convincing of this potential ef-
fect, suggesting that the source earthquakes may have termi-
nated or lost energy to the south relative to values at Rogue
Apron, despite the southward increase in sediment supply.

The average recurrence time for southern Cascadia earth-
quakes is∼ 240 yr throughout the Holocene, half of the aver-
age recurrence time along the northern margin (Goldfinger
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et al., 2012). This should probably be considered a maxi-
mum average given the additional turbidites in the record
that presently are not interpreted. Witter et al. (2012) dis-
cuss modeling of tsunami using the earthquake sources from
Goldfinger et al. (2012), which are further supported in this
study. They find that the recurrence times are somewhat
shorter than required to generate tsunami that reach Bradley
Lake, a requirement of the models. They present a detailed
rationale for testing of a variety of slip models and land-
scape configurations, and suggest two explanations for this:
(1) complex partial ruptures in the vicinity of Rogue Canyon,
and (2) stored energy from longer-term cycling of potential
energy. While we do not address this issue directly in this
study, we refer the reader to fuller discussion of these two hy-
potheses in Witter et al. (2012) and Goldfinger et al. (2013).

The evidence of plate boundary earthquakes in southern
Cascadia now potentially includes one barrage lake, three
marsh sites, four inland lakes and numerous deep water
cores. Among the coastal sites at Bradley Lake, Coquille
River, Sixes River, and the Humboldt Bay area, temporal
equivalents exist for 10 of a possible 16 correlated thin beds,
potentially representing∼ 63 % of the offshore earthquakes
for the period 0–6000 yr BP. at similar latitudes (Table 4). Of
these 10, four are inferred at one site, and four at two sites,
and two are evident at three sites. Considering the prelimi-
nary lake evidence described in detail by Morey et al. (2013)
we include a number of lake beds that we consider to have
sufficient temporal or geophysical evidence of synchronous
deposition compared to onshore and offshore paleoseismic
sites in Table 4. The four inland lakes cover different time
ranges, with only one of them (Sanger Lake) spanning the
full time range considered here (0–6000 cal yr BP). The ag-
gregate of the most robust temporal equivalents includes 15
of the 16 (19 if we include T2b, T2c, and T9c) thin beds at
for that period. Five of these 15 events are found in the inland
lakes but are not represented at coastal sites, while 10 are po-
tentially present at both. Considering all eight coastal and in-
land sites, we infer that earthquake evidence may be present
for 16 of 19 (including T2b, T2c and T9c in the total count)
events in this period, or 84 % of all offshore seismoturbidites
(Table 4). Of these 16 events, Table 4 suggests that six may
be evident at one site, seven may be evident at two sites, two
may be evident at three sites, and one (T5b)may be evident at
four sites. The aggregate of all land sites may include records
of equivalent of 88 % of the marine record for southern Cas-
cadia. Presently, not enough evidence exists from central and
northern Cascadia lakes and onshore paleoseismic sites to
corroborate northward terminations interpreted from the ex-
isting onshore–offshore evidence (Goldfinger et al., 2012).

5 Conclusions

New cores collected in 2009 enhance the interpretation of
the southern Cascadia deep water turbidite record during the

latter half of the Holocene. The southern Cascadia margin
turbidite sequence includes at least 23 turbidites that do not
correlate along the full length of the margin, but may be cor-
related along variable sections of the southern margin over
distances of 100–300 km. The new cores sample the southern
Cascadia margin across seven core sites on the abyssal plain
and one isolated slope basin. All but two of the 23 turbidites
are composed of thinner, mud-silt beds at Rogue Apron,
with the remaining two being sandy turbidites. The beds at
Rogue Apron are characterized by subtle grain-size variation
and visual color change, subdued physical-property signa-
tures, greater bioturbation, and greater variability between
core sites. The primary characteristics of the beds are grain
size profiles that indicate sharp bases and fining upward se-
quences, based on gamma and CT density and magnetic sus-
ceptibility grain size proxies. Fifteen of 21 correlated thin
beds have these dominant characteristics. The remaining six
(T7a, T8b, T9b, T12a, T16a, T16b) are equivocal or indeter-
minate due to bioturbation, core section breaks, sample voids
from previous work, and core deformation. We observe no
beds that have clearly coarsening upward, or coarsening up-
ward and then fining upward profiles (suggestive of hyperpy-
cnites) indicated by multiple proxies. The thin beds are not
as consistent in their characteristics as the larger sandy tur-
bidites and not as self-consistent across the local core group
at Rogue Apron. The thin turbidites include sponge spicules
sourced from mid-slope depths, giving evidence of material
transport from the continental slope as opposed to shallow
water sources. Lithostratigraphic correlation with radiocar-
bon age support between Rogue Apron and Trinidad Plunge
Pool, 150 km to the south, suggests that the Rogue mud tur-
bidites coarsen southward. Of the 13 thin beds younger than
∼ 4800 cal yr BP at Rogue Apron, we tentatively correlate
nine of them between the two sites, though beds younger than
∼ 3500 cal yr BP are difficult to interpret across an area of re-
duced sedimentation near Smith and Klamath Canyons dur-
ing that time. Four beds, T4a, T6a, T6b, and T7a, cannot be
directly linked across this thin region, though beds in equiv-
alent stratigraphic positions for T4a and T6a are present at
Rogue Apron and Trinidad Plunge Pool. Of the 11 potential
correlative beds, 8 of them coarsen southward to sandy-silty
grain size in their basal units and are visible in the cores,
while the remaining three are interpreted from CT data. An
additional six beds appear in the section older than AD 1700
and younger than 4800 cal yr BP between Rogue Apron and
Trinidad Plunge Pool. The six mostly sandy beds have sharp
bases and fining upward sequences, but are not correlated
over large enough distances or linked to onshore paleoseis-
mic sites, thus their origin is indeterminate. Beds older than
∼ 4800 cal yr BP are tentatively correlated in some cases, or
are either not sampled in the cores or do not have sufficient
age control for stratigraphic correlation.

Examination of the seismic stratigraphy of the southern
Cascadia margin reveals a remarkably consistent turbidite
dominated sequence that can be directly correlated to the
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abyssal plain piston core stratigraphy. Regional turbidites are
imaged with these high-resolution Chirp data. Although the
thin mud turbidites are not imaged directly, several thick in-
tervals that are occupied by series of mud turbidites at Rogue
Apron can be traced regionally by their constant thickness.
The regional continuity of these intervals implies that the in-
terbedded thin turbidites are also likely present, consistent
with the intercore observations.

The total mass of turbidites deposited at four Cascadia
core sites is similar within a narrow range, even though the
northern margin Holocene sequence is thinner by a factor of
∼ two than the southern margin sequence. Hemipelagic sed-
imentation rates are also regionally consistent, leaving this
disparity in overall thickness attributable to the sequence of
23 mud turbidites present along the southern margin.

Slope stability assessments suggest that unconsolidated
materials on slopes along the southern Cascadia margin
would likely fail in earthquakes ofMw = 7.0 or greater,
lower than the values predicted for southern Cascadia seg-
mented earthquakes based on estimated slip, area and in-
terevent time. The likely ground accelerations from seg-
mented southern Cascadia earthquakes are therefore suffi-
cient to generate turbidity currents. Sparse historical evi-
dence suggests the magnitude threshold for generating an in-
terpretable geologic record may be in the range ofMw = 7.0–
7.4 for subduction settings with high attenuation of high-
frequency seismic waves.

Cores at and south of Rogue Apron include two to three
young turbidites emplaced following the 1700 AD plate
boundary earthquake. These turbidites contain Pb210 excess
activity, indicating emplacement younger than∼ 150 yr, and
the uppermost two include bomb contaminated carbon ra-
dionuclides, indicating post 1952 emplacement. Although
the origin of these beds cannot be tied directly to historic
events with present data, the three beds could represent the
strongest historic earthquakes known in the area, the 1873,
1980 and 1992 southern Cascadia earthquakes, though many
other possibilities exist.

Potential correlative turbidites, subsided marshes and
tsunami sand sheets are found among five onshore lakes and
three marsh localities in southern Cascadia. Preliminary in-
vestigations suggest that 80–90 % of the offshore seismo-
turbidite events may be represented collectively at these sites
over the past 6000 yr.

While the tests for regional synchroneity are not as strong
for the spatially limited turbidites of southern Cascadia as
they are for the major regional beds, the data support a seis-
mic origin based on seismic stratigraphic correlation, lithos-
tratigraphic correlation, sedimentology, deep water source,
and supportive radiocarbon data. Though of more limited ex-
tent, the proposed plate boundary earthquakes are interpreted
to have generated correlative beds in the isolated Hydrate
Ridge piggyback basin, a coastal lake, and possibly in four
inland lakes. A variable number of diagnostic attributes is
available for each bed. Alternative sources are not consistent

with low event frequency, intersite correlation, or sedimen-
tology of the deposits. If the seismic origin is correct, the
turbidite sequence supports a model of segmented Cascadia
margin earthquake ruptures limited to three or possibly more
segments along the southern Cascadia margin.

Supplementary material related to this article is
available online at:
http://www.nat-hazards-earth-syst-sci.net/13/2109/2013/
nhess-13-2109-2013-supplement.zip.
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