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ABSTRACT

Previous paleoseismic work has suggested a possible stress triggering rela-
tionship between the Cascadia subduction zone and the northern San Andreas 
fault based on similar event timings. Turbidite successions correlated to both 
systems may support this hypothesis. Historic earthquakes in 1980 and 1992 
in the Cascadia subduction zone and the 1906 earthquake on the northern 
San Andreas fault left turbidite records that are temporally well constrained 
by bomb-carbon–​supported age-​depth models. The 1906 event bed clearly 
appears on both sides of the triple junction, as may the 1992 bed. This demon-
strates that northern San Andreas fault events have triggered turbidity currents 
in the southernmost Cascadia subduction zone, and vice versa. Turbidite suc-
cessions in the southernmost Cascadia subduction zone and the Northern San 
Andreas fault prior to 1906 have similarities in timing and stratigraphy. During 
the past ~3100 yr, 18 likely earthquake-​generated turbidite beds have been 
deposited in the southern Cascadia subduction zone. In Noyo Channel, along 
the northern San Andreas fault, 19 likely earthquake-​generated beds were 
deposited during the same period. Ten of the Cascadia subduction zone beds 
have a close temporal association with the likely earthquake-​generated beds 
in Noyo Channel. The radiocarbon age medians differ by an average of 63 yr 
(standard deviation = 51 yr). Eight of 10 of the beds with substantial temporal 
overlap with major Cascadia subduction zone events have a distinctive thick, 
inverted doublet stratigraphy in Noyo Channel along the northern San Andreas 
fault, while beds without timing similarities, including the 1906 earthquake 
bed, do not. These unusually thick doublets have a lower silty unit directly 
overlain by a robust sandy unit, commonly with an intervening erosional 
unconformity. Doublets are also observed in the southern Cascadia subduction 
zone, though less commonly. The Cascadia subduction zone doublets have 

a less robust upper unit, and some have the upper unit embedded in the tail 
of the lower unit. The doublet stratigraphy in Noyo Channel commonly fades 
southward along the northern San Andreas fault, while that on the Cascadia 
subduction zone side fades northward. The recurrence rate of major events 
near the triple junction is not the additive rate of both faults but is similar to 
the rate for either fault alone, implying the doublet beds represent pairs of 
beds from each fault, stacked together. We infer that the stratigraphy is best 
explained by earthquakes on both systems spaced closely in time, begin-
ning with the Cascadia subduction zone, as opposed to aftershock sequences, 
hydrodynamic generation, or other causes. The Holocene sequence of closely 
stacked stratigraphic pairs may represent direct evidence of stress triggering 
and partial synchronization of these two great faults for the latest Holocene, 
with the possibility of significant interaction at earlier times.

INTRODUCTION AND PREVIOUS WORK

Stress transfer and subsequent triggering of one fault or segment by 
another is now a well-​established principle, having been observed in a vari-
ety of settings (Stein, 1999; Parsons et al., 1999; Toda et al., 2011). Observations 
and model forecasts of this phenomenon come from instrumental records and 
have become part of seismological research. However, only a single mod-
ern forecast of one great earthquake triggering another has been made, in 
Sumatra (McCloskey et al., 2005), which subsequently occurred. Evidence in 
the paleoseismic record for triggering of great events is limited to the last 
few hundred years in Sumatra (Meltzner et al., 2010; Philibosian et al., 2017). 
The lack of such records may be due to the short length of the instrumental 
records or the paucity of high-​precision paleoseismic records (Sieh et al., 2008). 
Paleoseismic records can be much longer and offer opportunities to search 
for other such events, but they commonly lack the precision needed to test 
for such occurrences. Marine and lacustrine subaqueous paleoseismic data 
offer very long records and have been in use in a number of locales, including 
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the Caribbean (Seibert et al., 2024; McHugh et al., 2024), Iberia (Gràcia et al., 
2010), New Zealand (Howarth et al., 2021), Sumatra (Patton et al., 2015; Wils 
et al., 2021), Chile (Moernaut et al., 2017), Japan (Noda et al., 2008; Ikehara et 
al., 2023; Kanamatsu et al., 2023), Cascadia (Adams, 1990; Kelsey et al., 2005; 
Goldfinger et al., 2012, 2013a, 2013b, 2017; Enkin et al., 2013; Hamilton et al., 
2015; Brothers et al., 2024), and the northern San Andreas fault (Goldfinger 
et al., 2008). In a few cases, relative timing constraints between events can 
be deduced and can achieve precision similar to or greater than varves and 
dendrochronology, though with limited linkage to absolute timing (Adams, 
1990; Goldfinger et al., 2012, 2017; Enkin et al., 2013).

In the Pacific Northwest of the United States, long paleoseismic datasets 
for the Cascadia subduction zone and the northern San Andreas fault using 
terrestrial, marine, and lacustrine records have been evolving over the past 
several decades and generally show a good correspondence between onshore 
and offshore data for major events, with typically large uncertainties (Gold-
finger et al., 2012, 2017; Nelson et al., 2021, and references therein). These 
separate records also show an intriguing correspondence of event timings 
between the two faults. This correspondence was explored by Goldfinger et 
al. (2008), who proposed that the observed temporal correspondence between 
the two faults may be the result of triggering of one fault by the other over 
the past ~2500 yr. That paper used a simple comparison of event-​bed timings, 
estimated from radiocarbon, and included models of several configurations 
of possible stress interactions between the two faults. The radiocarbon cor-
respondence was good as a series, but with the associated uncertainties, it 
could not demonstrate a definitive temporal association. Similarly, the model-
ing showed that the transfer of stress between a shallow-​dipping subduction 
zone and a vertical strike-​slip fault was complex and not particularly efficient, 
though possible. In this paper, we expand and refine the paleoseismic records 
of both faults using new core data, age models, and subbottom records, and 
we explore the overlapping stratigraphic relationships from event deposits in 
both systems that offer relative timing constraints. Stratigraphic constraints 
are independent of radiocarbon uncertainties and have the potential to test 
the model of a temporal and stress interaction.

Tectonic and Paleoseismic Setting

The Cascadia subduction zone is formed by the subduction of the oceanic 
Juan de Fuca and Gorda plates beneath the North American plate off the coast 
of northern California, Oregon, and Washington, USA, and Vancouver Island, 
Canada (Fig. 1; DeMets et al., 2010). The convergence rate is ~35–​38 mm/yr 
directed 060° at the latitude of Oregon. The “trench” is filled with sediment 
that tapers in thickness from 3 km to 4 km in the north to less than 0.5 km in 
the south, resulting in a smoother plate interface in the north, but it is punctu-
ated by subducting basement features in the south. The Cascadia subduction 
zone and the northern San Andreas fault meet at the Mendocino triple junction 
offshore northern California (Fig. 2; Silver, 1971). The paleoseismic records in 

the Cascadia subduction zone have evolved over several decades following the 
discoveries of paleoseismic turbidites offshore (Adams, 1990) and of coastal 
subsidence evidence onshore (Atwater, 1987, 1992). Recent compilations of the 
onshore and offshore evidence can be found in Nelson et al. (2021) and Gold-
finger et al. (2012, 2013b, 2017). Recent work has included the Canadian margin 
(Enkin et al., 2013; Hamilton et al., 2015), and lacustrine seismo-​turbidites as 
well (Karlin et al., 2004; Morey et al., 2013; Leithold et al., 2019; Goldfinger, 
2017, 2021; Gutiérrez, 2020; Brothers et al., 2024; Morey et al., 2024; Morey and 
Goldfinger, 2024). An integrated model (land and marine data) of along-​strike 
segmentation for the Cascadia subduction zone presented in Goldfinger et 
al. (2012, 2017) included ruptures that extend much or all of the full length of 
~1000 km, and partial lengths as short as 200 km. Onshore evidence appears to 
include only some of the shorter events, which could be due to either a higher 
threshold for recording onshore evidence (Nelson et al., 2021, and references 
therein), incorrect interpretation, or both. A subset of these smaller events 
appears likely to be represented in both land and marine records (Goldfinger et 
al., 2012; Nelson et al., 2021; Morey et al., 2013, 2024; Morey, 2020; Morey and 
Goldfinger, 2024). The causative factors for the proposed segment boundaries 
are poorly known. McCaffrey and Goldfinger (1995) proposed that transverse 
strike-​slip faults in the lower plate with vertical offset (Goldfinger et al., 1992, 
1996, 1997) could bound plate interface ruptures. Deeper seismic work shown 
in Carbotte et al. (2024) supports this assertion from imaging of the lower-​plate 
offsets, which extend to areas near the coastline.

The San Andreas fault is probably the most intensively studied transform 
system in the world. Extending along the west coast of North America, from 
the Gulf of California to Cape Mendocino, the San Andreas fault is the largest 
component of a complex and wide plate boundary that extends eastward to 
encompass numerous other strike-​slip fault strands and interactions with the 
Basin and Range extensional province. The Mendocino triple junction lies at 
the northern termination of the northern San Andreas fault and has migrated 
northward since ca. 28–​25 Ma (Figs. 1 and 2; Dickinson and Snyder, 1979). 
As the triple junction moves, the former subduction forearc transitions to right-​
lateral transform motion, and the San Andreas fault continues to lengthen (Lock 
et al., 2006; Materna et al., 2023). The north coast section of the San Andreas 
fault is an obvious and significant hazard; however, the history of past events 
on the San Andreas fault on the peninsula is poorly known. Surprisingly little 
is known about earthquakes and their timing prior to the great earthquake 
of 18 April 1906. Several attempts have been made to acquire paleoseismic 
records for the north coast and peninsula segments of the San Andreas fault, 
with mixed results. Despite significant efforts (Prentice et al., 1999; Knudsen et 
al., 2002; Kelson et al., 2006; Zhang et al., 2006; Hall and Niemi, 2008; Fumal, 
2012; Schwartz et al., 2014), long records remain elusive, and even the relatively 
short records available are controversial (Streig et al., 2020). Three longer 
records exist: the marine record at Noyo Channel and along the offshore area 
of the northern San Andreas fault (Goldfinger et al., 2007, 2008); a ~2700 yr 
record at Vedanta Marsh (Zhang et al., 2006); and an ~2200 yr record at Lake 
Merced, in San Francisco (Goldfinger, 2021; see Fig. 1).
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Figure 1. Regional map showing compiled bathymetry, core sites, and subbottom track lines for the southern Cascadia subduction zone and northern California margins. JDF—Juan de 
Fuca; NAM—North America; CS—Crystal Springs and Crystal Springs South; F—Filoli; PV—Portola Valley; MB—Monte Bello (Seitz, 2018); GF—Grizzly Flat; AF—Arano Flat; MC—Mill 
Canyon; HD—Hazel Dell.
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Figure 2. (A) Shaded-​relief perspective view of the southern Cascadia subduction zone, the Mendocino triple junction, and northern California 
margin looking northeast. At left is the Trinidad Canyon system and plunge pool; at center is the Eel Cayon and Mattole Canyon; at right are 
Delgada/Vizcaino and Noyo Canyons. (B) Perspective view of Trinidad lower canyon, plunge pool, and concentric sediment waves showing 
core locations. Depths and horizontal ticks are in meters. (C) Perspective view of Noyo and Vizcaino Canyons and upper channels, showing 
core locations. (D) Depth cross section across Trinidad plunge pool at A-A′.
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METHODS

Chirp Subbottom Profiling

We collected ~14,500 km of continuous shallow seismic reflection profiles 
along the southern Cascadia subduction zone margin acquired in 1999, 2002, 2009, 
2015, 2020, and 2022 using Knudsen 320BR and 3260 3.5 kHz chirp echosounder 
systems (in frequency modulation chirp mode sweeping at 2–​6 or 3–​10 kHz) at full 
bandwidth and data rate (Fig. 1). These lines were heave-​corrected in real time 
using the ship’s PosMV320 motion sensor and postprocessed with band-​pass 
filtering using Sioseis (Black, 2014; http://​sioseis​.ucsd​.edu​/sioseis.html; Henkart, 
2003). Data were integrated with bathymetry and interpreted in IHS Kingdom. 
Synthetic seismograms generated from core data are compared to the chirp 
traces to aid in testing correlations along strike (see Black, 2014). Further details 
of processing and resolution are given in Supplemental Text S1.1

Core Analysis

We used a core and sample dataset (n = 137) collected on cruises M9907, 
RR0207, TN0909, OC2006, and RR2208 to explore the Holocene turbidite stra-
tigraphy in the southern Cascadia subduction zone margin and northern San 
Andreas fault region (Fig. 1). Core locations and metadata are provided in 
Supplemental Data S1.

Cores were scanned with a Geotek multisensor logger collecting high-​
resolution visible imagery, gamma density, magnetic susceptibility, P-wave 
velocity, and resistivity. Both low- and high-​resolution point magnetic sus-
ceptibility data, X-​ray computed tomography (CT), gamma density, P-wave 
velocity, resistivity, and grain-​size data were collected following the methods 
described in Goldfinger et al. (2012, 2017). Further details are given in Sup-
plemental Text S1.

For selected beds, smear slides supplemented the geophysical, grain-​size, 
and color observations to verify the increased lithic content in interpreted fine-​
grained beds and the upper contact with hemipelagic sediment (Goldfinger et 
al., 2013b; Wetzel and Balson, 1992). Further discussion of this proxy and the 
use of other physical property parameters can be found in Goldfinger et al. 
(2012). CT scanning was performed at Oregon State University using a 64 slice 
Toshiba Aquillon system as described in Goldfinger et al. (2012, 2017). Analysis 
of CT data was done with the software packages OsiriX (Rosset et al., 2004) and 
Athena Dicom (Haak et al., 2016). The present study used 52 cores from cruises 
M9907, RR0207, TN0909, and RR2208 that have not been previously published or 
utilized, enhancing and modifying previous work for the purpose of improving 
stratigraphic interpretation of the southernmost Cascadia subduction zone.

1 Supplemental Material. Supplemental Material includes text and figures supporting radiocarbon 
age models, core correlations, and related details. High-resolutiuon versions of Figures 3, 5, and 
8 are also included. Please visit https://doi.org/10.1130/GEOS.S.29996626 to access the supple-
mental material, and contact editing@geosociety.org with any questions.

Age Control

To date the turbidites, we extracted the calcium carbonate shells of plank-
tic foraminifers preserved in the hemipelagic sediment below each turbidite. 
Samples were selected below each turbidite because the boundary between 
the top of the turbidite tail and the hemipelagic sediment can be difficult to 
identify reliably. Detailed procedures are described in Goldfinger et al. (2012). 
Radiocarbon data, calibrations, age-​model calculations, and error budgets for 
ages were calculated using an analytical model described in Goldfinger et al. 
(2012) and with Bayesian age-​depth models as described in the following sec-
tion. The ages used in this study allow estimation of turbidite emplacement 
ages, accounting for reservoir variation, sediment sample thickness, gaps 
between the sample and turbidite base, and differential erosion in some cases. 
All uncertainties were propagated using root mean square (RMS) calculations 
and estimated basal erosion of the subturbidite hemipelagic sediment using 
multiple cores as described in Goldfinger et al. (2012). Further details of the 
analytical model ages are given in Supplemental Text S1. Ages and model 
results reported here supersede earlier works. Several samples had evidence 
of post-​1950 bomb carbon, and those ages were calibrated with Cali-​Bomb 
(Queen’s University Belfast, http://​calib.org​/CALIBomb/, accessed 15 July 2020; 
McKay et al., 1986). For convenience, ages for historical events (including 
1700 CE) are reported as CE; all other ages are reported as yr B.P. (which is 
defined as A.D. 1950, per convention).

Age Models

Age-​depth models were computed for selected cores using OxCal, a Bayes-
ian Markov chain Monte Carlo calibration and age-​model software package 
(Ramsey, 2001, 2008, 2009). For primary sites at Noyo Channel and Trinidad 
plunge pool and auxiliary sites at Hydrate Ridge Basin (west) and Rogue, 
Smith, and Klamath Aprons, OxCal P-​sequence age models were computed 
(Ramsey, 2008), with turbidite stratigraphy removed to develop an “event-free” 
stratigraphy. See Supplemental Text S1 for details of improvements made to 
the benthic-​planktic differencing calculations, replicate ages, and the time and 
space variable reservoir model. For this study, the entire dataset was recali-
brated with Marine20 (Heaton et al., 2020). The Marine20 database calculation 
includes significant improvements in ocean circulation modeling and error 
propagation (see Supplemental Text S1). The uppermost model ages supported 
by bomb-​carbon are reported to the year; all others are rounded to the decade.

Ages for events deemed to be likely correlative were statistically combined 
using OxCal, with recalibrated ages and other improvements to the dataset 
used to reexamine the temporal statistical correspondence of the proposed 
correlations of Goldfinger et al. (2012). See Supplemental Text S1 for discus-
sion of sedimentation rates used. Individual ages were also ranked in a quality 
assessment scheme, outlined in the Data Quality tab in Supplemental Material 
Data S2 and described in Supplemental Text S1.
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The previously mentioned revisions, and numerous other minor revisions 
in this work, are included in Supplemental Data S2, which supersede previous 
versions in Goldfinger et al. (2012, 2017). Age model input parameters and 
outputs are given in Tables S3–​S19.

Lithostratigraphic Correlation

Cascadia subduction zone turbidites are typically composed of multiple 
stacked and truncated, fining-​upward sequences (Bouma A–​C) capped by a 
fine-​grained, fining-​upward tail associated with waning of the turbidity cur-
rent (Bouma D). These are termed multipulsed or amalgamated turbidites 
(Gutiérrez-​Pastor et al., 2013; Van Daele et al., 2017). The magnetic suscepti-
bility, 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, verified with particle-​size analysis (Goldfinger et al., 
2012, 2017, and references therein).

Intrasite and intersite correlation was performed by lithostratigraphic cor-
relation, simultaneously integrating physical property parameters with core 
imagery, age data, CT data, and interactively testing alternate correlations or 
lack thereof to compare key beds among core sites. Correlations were tempo-
rally constrained by the well-​dated Mazama ash (7680–​7580 cal. yr B.P.; Egan 
et al., 2015), radiocarbon data, and the Holocene-​Pleistocene faunal boundary 
(Goldfinger et al., 2012, and references therein). Additional ash analyses were 
performed to expand the ash dataset for this margin.

Potential correlations were tested using a well-​logging procedure known as 
“flattening” (the common industry term “well logging” is also applied to cores). 
This involves choosing a core that remains at true scale (reference core), while 
other data (physical property traces, CT, and visible imagery) from other cores 
are warped to use the bases and tops of all potentially correlative turbidites 
as tie points on the same temporal (vertical) scale as the reference core (for 
details, see Goldfinger et al., 2012, and references therein). In this process, 
the interpreter identifies similar patterns in individual beds and sequences of 
beds in the age-​constrained cores and applies knowledge of the depositional 
model, core anomalies, site setting, and dynamics to form a stratigraphic 
model. The combined dataset from the turbidite sequence is shifted iteratively 
relative to each other, using “ghost traces” to compare alternative detailed 
matching (or lack thereof) of wiggle traces of physical properties, imagery, 
and age control from site to site, similar to e-​log correlation in the oil industry 
(McCubbin, 1982; Mitchum and Wagoner, 1991; Løvlie and van Veen, 1995; 
Rao et al., 2005; Mari and Coppens, 2003) and other academic applications 
(e.g., Fukuma, 1998; Karlin et al., 2004; Abdeldayem et al., 2004; St-​Onge et 
al., 2004; Patton et al., 2015; Howarth et al., 2021; Seibert et al., 2024). We 
also tested the correspondence, or lack thereof, of turbidite sequences using 
the simple metrics of bed thickness and mass per event. Sequences were 
compared visually and statistically to examine the quality of results from the 
previously mentioned steps.

To investigate possible doublet stratigraphy expected from a recent hypoth-
esis about the 1700 CE Cascadia subduction zone earthquake, we examined 
108 published examples in marine and lacustrine cores interpreted as the 1700 
CE event. With nine equivocal examples with core tops missing or deformed, 
99 viable examples remained that were utilized (excepting the Trinidad plunge 
pool; Goldfinger et al., 2012, 2017; Goldfinger, 2017; Gutiérrez, 2020; Morey et 
al., 2013; Morey and Goldfinger, 2024).

RESULTS

In order to develop the basis for comparison of the southern Cascadia sub-
duction zone with the northern San Andreas fault stratigraphy and event ages, 
we first describe the age-​model results and then the integrated correlation 
results from both systems in detail. Additional age models used in supporting 
roles are given in Supplemental Text S1.

Age Models for the Northern San Andreas Fault and Cascadia 
Subduction Zone

Noyo Channel Age Model

The new age model for Noyo Channel uses cores M9907–​49PC/TC and 
TN0909–​14JC/TC, box core M9907–​50BC, and Kasten cores RR0207–​54KC and 
TN0909–​13KC. Additional cores (TN0909) allowed a more detailed site correla-
tion for the mid–​Noyo Channel site (Fig. 3) than that in previous work, with 
all cores located within ~50 m of each other (Fig. 1). The local stratigraphic 
variability was significant, most likely due to the proximal position of the cores 
in the upper part of the abyssal Noyo Channel system. The relatively proximal 
site was chosen in part to remain above the calcium compensation depth for 
datable calcareous foraminifera. Coring artifacts and their implications at this 
site have been further discussed in Goldfinger (2021). For the best overall 
quality, M9907–​49PC/TC served as the age-​model basis (Fig. 4), as these cores 
had better resolution (lower compression) than the 2009 cores, though there 
was greater suction deformation. The upper part of the model, above event 
NT3–​NT4, is from box core M9907–​50BC, which had seven pristine subsamples. 
The remaining ages came mainly from M9907–​49PC, a few meters away. The 
OxCal quality indices are Amodel = 93.4 and Aoverall = 93.1.

Trinidad Plunge Pool Age Model

Trinidad Canyon is a unique system that comprises a large drainage basin 
with multiple feeder canyons that merge and drop steeply down the lower 
slope into a plunge pool (Lee et al., 2002). The plunge pool in turn has no 
well-​defined exit and is surrounded by a concentric wavefield that indicates 
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Figure 3. Correlation diagram for Noyo Channel cores, northern San Andreas fault. Computed tomography (CT) imagery, red-green-blue (RGB) imagery, and physical traces are shown with core log details. 
OxCal P-​sequence model ages are shown with calibrated radiocarbon ages where available. Ages from ca. 1700 CE and younger beds are shown as CE for historical convenience; all others are yr B.P. (relative 
to 1950). Grayed out ages indicate reversed or outlier older ages. Subsample cores for M9907–​50BC are shown, with representative photo of the excavated box core. mag. susc.—magnetic susceptibility. 
A high-resolution version of this figure is available with the supplemental material files (see text footnote 1).
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outward flow. Goldfinger et al. (2012) originally sampled the plunge pool and 
subsequently cored the areas immediately to the north and south to character-
ize this site in more detail. The seven plunge pool cores included M9907–​35 to 
M9907–​37PC-TC and box core M9907–​32BC. The record is of excellent quality, 
without obvious core disturbances (Fig. 5).

The best available intervals from the Trinidad plunge pool core set between 
the beds from the surface down to the 6 m level were used, anchored with 
core M9907–​36PC (Fig. 5). The OxCal P-​Sequence depositional age models 
are supported by bomb-​carbon (post-​1950) and Accelerator Mass Spectrom-
etry 14C ages (Figs. 6 and 7). We calculated two models, one with the local 
radiocarbon age of the T1 bed, and one without that age. The models were 
virtually identical; however, the model without the interpreted 1700 CE direct 
age is preferred, as the sample (Casc 210) age is a benthic sample, which has 
much larger uncertainty. Also critical was the constraint that the upper three 
beds must all be post-​1950, based on the bomb-​carbon age in bed T0c, the 
third bed from the surface. The resulting tables for all age models are given 
in Tables S3–​S19, and the depth figure from OxCal is shown in Figure 6. This 
simple model has no significant errors, and no sharp kinks in sedimentation 
rate, suggesting a relatively straightforward result. OxCal agreement indexes 
are Amodel = 99.5 and Aoverall = 85.5.

Revised Offshore Event Stratigraphy in the Southern Cascadia 
Subduction Zone

In this section, we present results from lithostratigraphic correlation of the 
southern Cascadia subduction zone, which integrates the new age models 
and the Chirp subbottom along-​strike correlation. We then present evidence 
of the unusual stratigraphic doublets that are the focus of this investigation.

Southern Cascadia Subduction Zone Lithostratigraphic Correlation

The southern Cascadia subduction zone “mud” turbidites were described 
in some detail in Goldfinger et al. (2013b). In this work, further details of 
these beds were examined using additional cores and our new age-​model 
data. A revised correlation plot for the Trinidad plunge pool site is shown in 
Figure 5. This site is key to understanding southern Cascadia subduction zone 
event stratigraphy and has a set of high-​resolution records, well recovered 
in the cores with minimal disturbance. The combined radiocarbon and well-​
log correlation shown in Figure 5 is an evolution of the Trinidad site figure in 
Goldfinger et al. (2012).

Anchored by the Trinidad pool correlation, an updated stratigraphic correla-
tion for the southern Cascadia subduction zone is given in Figure 8 (full version 
given in Fig. S1). The improved correlation builds on Goldfinger et al. (2013b) 
using additional CT data, additional cores not previously used, additional radio-
carbon ages, and the P-​sequence age models. This plot also takes advantage of 

the synthetic seismogram correlation as described in the Methods section, and 
supporting age models shown in Figures S2A–​S2F, with input and output given 
in Tables S3–​S19. We note, as did Goldfinger et al. (2012), that the stratigraphy 
thickens southward, making the highest-​resolution records recoverable with 
our piston-​coring methods ~3–​4000 yr in length south of Klamath Canyon, as 
opposed to the >10,000 yr recoverable elsewhere in the Cascadia subduction 
zone. A representative pair of these cores flattened on bed tops and bases to 
assist in visualizing the correlation is shown in Figure 9. A flattened diagram 
showing the uppermost stratigraphy in this area is shown in Figure 10.

Post–1700 CE Stratigraphy

The post–​1700 CE stratigraphy at Trinidad Canyon shows three significant 
and several minor beds. The uppermost significant bed (T0a) is effectively a 
surface sand, and negligible hemipelagic material is observed above it (Fig. 7). 
The uppermost beds are consistent between the 1999 and 2009 cores just out-
side the plunge pool, suggesting no event beds were deposited in that decade. 
The lack of hemipelagic material observed, even in the box core with nearly 
perfect preservation of the seafloor, indicates that little time had elapsed since 
that event bed was deposited, prior to the date of collection in 1999 (Fig. 7). The 
second bed from the top, a faint one, returned a post-​bomb radiocarbon age 
at two nearby correlated sites, indicating the three uppermost beds are post-​
1950 (Reimer et al., 2004, and references therein; see Fig. 8). Post–​1700 CE beds 
can be correlated northward variable distances on the basis of stratigraphic 
consistency and compatible age models. The upper bed, T0a, is significant 
and can be tentatively traced 140 km to the north (Figs. 8–​10). The second and 
third beds, T0b and T0c, are faint and can likely be traced 75 km northward 
from Trinidad to Smith Apron (Figs. 8–​10). Post-​1700 age models (Fig. 7) sug-
gest the ages of the beds younger than 1950 are: T0a ~1993 (1968–​1999); T0b 
~1988 (1962–​1999); and T0c ~1959 (1950–​1988; see Figs. 5 and 8). The fourth 
significant bed from the surface, T0f, is dated at 1920 CE (1830–​1960).

Key Correlation Linkages

Several key tie points in the sedimentary section help to link sites in the 
southern Cascadia subduction zone. Use of the full Holocene section when 
possible is critical, as these tie points are scattered throughout the Holocene. 
A strong tie is T11, a thick coarse-​grained event bed with a distinctive two-​
pulse stratigraphy. This bed has been a key tie point throughout the Cascadia 
subduction zone, including interpretation of it at all offshore sites, in Triangle 
Lake (Fig. 1), and in several other lakes and inlets (Goldfinger et al., 2012, 
2013b, 2017; Morey et al., 2013; Enkin et al., 2013). This bed, however, cannot 
be recovered south of Klamath Apron (Figs. 1 and 8) due to limitation of the 
coring systems in use. Three other prominent beds, T1/T2, T3, and T8, are 
thick and coarse grained and clearly stand out in the physical property data 
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Figure 7. Computed tomography (CT) 
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Figure 10. (A) Plot of computed tomography (CT) data for representative cores between Thompson Ridge and Trinidad Canyons, showing 
the upper meter of section in detail, and extending downward to Cascadia subduction zone regional event T6. At right, core TN0909–​06JC 
is shown with magnetic susceptibility (right) and gamma density (left), and model (postbomb) and analytical event ages (all others). At left, 
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(Goldfinger et al., 2013b). These beds link across the Smith-​Klamath reach 
of the abyssal system, where many events have weak definition. Another 
key linkage is the sequence T5, T5a, T5b, and T5c. T5 is a distinctive and 
prominent doublet bed that is present regionally in much of the Cascadia 
subduction zone (Goldfinger et al., 2012, 2013b, 2017; see also Figs. 8 and 11). 
There may be time separation between the doublet beds, with intervening 
sediment observed at Rogue Apron and observed for a likely correlative at 
Bradley Lake (Kelsey et al. 2005; Goldfinger et al., 2012). The mean age is ca. 
1550 yr B.P., and the next oldest major event, regionally correlated T6, has a 
mean age of ca. 2540 yr B.P. (Goldfinger et al., 2012, 2017). This ~1000 yr gap 
is represented at all Cascadia subduction zone marine sites, and virtually all 
land paleoseismic sites as well (Kelsey et al., 2005; Goldfinger et al., 2012, 2017; 
Nelson et al., 2021; Brothers et al., 2024), adding a strong interdisciplinary tie 
between methods and site types in Cascadia subduction zone paleoseismology. 
Goldfinger et al. (2012) found that three fine-​grained mud turbidites, all faint, 
but the lower two bolder (Figs. 5, 8, and 11), lie in this ~1000 yr span. These 
beds were named T5a, T5b, and T5c after they were tentatively correlated over 
along-​strike distances exceeding 200 km. This pattern has been observed in 
numerous locales and is used as an additional tie point throughout the Ore-
gon and northern California margins. The ages of these beds are less precise 
due to the ubiquitous bioturbation of fine-​grained beds, but the stratigraphic 
pattern remains (Fig. 5). In the southern Cascadia subduction zone at Trinidad 
plunge pool, these beds are correlated to equivalent beds to the north outside 
the plunge pool, enabling ties across the plunge pool levees. They are coarser 
grained and conspicuous, and their ages are more reliable due to the lower 
bioturbation of the more robust beds at that site. Similarly, the ~1100 yr span 
between regional events T10 and T11 is filled with four event beds south of 
Hydrate Ridge, T10a, T10b, T10c, and T10f. These have a characteristic pattern, 
with T10b and T10f being robust thick, coarse beds, and the others relatively 
faint. Similar to the previous sequence, these beds are observed at all sites 
in this temporal range and form another unique sequence that is part of the 
correlation framework (Figs. 8 and 11).

Cascadia Subduction Zone Subbottom Chirp Profile Correlation

Subbottom profiles were correlated 140 km from Rogue Apron southward 
to Trinidad plunge pool and linked directly to the cores lying along the profiles 
in Goldfinger et al. (2013b) using synthetic seismogram matching to the chirp 
records (Black, 2014). Correlation plots from the southern edge of the Astoria 
Fan southward to the Trinidad plunge pool (Figs. 12–13), a distance of ~240 km, 
build on the previous work. Processed and flattened subbottom data extend-
ing from the intersection of the profile with the relict Astoria Channel allow 
correlation southward to the Trinidad area (Fig. 12). The section is coherent 
and can be correlated ~100 km to the north of Rogue Apron, to the site of core 
RR2208–​02JC. The base of the Holocene section is clearly bounded by two 
to four thick basal reflectors sampled in this core at 10 m depth, providing a 

reliable baseline for the Holocene. Above these marker beds, 22 beds can be 
traced between Rogue Apron and the site of RR2208–​02JC at Thompson Ridge 
(Fig. 1). As noted in Goldfinger et al. (2013b), the subbottom profiles cannot 
resolve the thinner beds, but they can resolve the major turbidite beds. Along 
the northern San Andreas fault, an observed increase in the ruggedness of 
terrain and the decreased data density and gaps in the northern San Andreas 
fault data compared to the Cascadia subduction zone prohibit a robust correla-
tion of reflectors between core sites in the northern San Andreas fault region.

Revised Northern San Andreas Event Stratigraphy

Noyo Channel Stratigraphy

A revised stratigraphy for the Noyo Channel cores is shown in Figure 3. 
TN0909–​14TC double-​penetrated the seafloor, with its upper stratigraphy 
repeated in the lower part of the core (Fig. 3). With that exception, correlation 
of the new channel cores and previous cores was relatively straightforward and 
provided additional constraints on the local variability of the beds. While the 
correlation is clear, local variability is significant at this relatively proximal site. 
The newer cores are more compressed than the original 1999 cores, which may 
be due to a shift in the coring gear configuration (see Supplemental Text S1). 
The correlated site diagram extending into the late deglacial period (Fig. 3) 
includes 37 event beds, yielding a mean repeat time of ~370 yr. Figure 3 used 
the OxCal model ages (Fig. 4) for all events in our primary core, M9907–​49PC, 
and single recalibrated ages are also shown. One of the main features of these 
cores, particularly for times younger than ~4100 yr B.P., is an unusual doublet 
stratigraphy, which is the focus of the remainder of the paper, discussed in the 
Doublet Stratigraphy in the Noyo and Trinidad Systems section.

North Coast Northern San Andreas Fault Stratigraphy

We additionally reexamined the turbidite record along the north coast 
segment of the northern San Andreas fault between San Francisco and Noyo 
Channel. Preliminary assessments of this record were published in Goldfinger 
et al. (2003, 2007, 2008). At that time, they had significant difficulties in several 
respects. Some of the issues are resolved in this work; however, the results 
remain incomplete and are used only sparingly in this paper. The results of 
the new correlation show that, as in previous work, many event beds are likely 
to be correlated over much or all of the 280 km between Noyo and Pioneer 
Canyons offshore San Francisco (Fig. S3). Of the 19 correlated beds extending 
southward from Noyo Channel, 11 of them are interpreted to extend to Pioneer 
Canyon, with one terminating just short. Four beds are interpreted to extend 
between Noyo and Bodega Canyons, spanning ~160 km, and one bed termi-
nates at Gualala Canyon, a distance of ~130 km. Three beds correlate much of 
the full length, terminating at Noyo Channel, and several other beds are limited 
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Figure 11. (A) Comparison of events 
T5–​T7 between Rogue Apron and Hy-
drate Ridge. Gray level and false color 
computed tomography (CT) images 
are shown. The spatial and temporal 
gap between major events T5 and T6 
is ~1000 yr based on Goldfinger et al. 
(2017), Nelson et al. (2021), and Kelsey 
et al. (2005). This time gap is a key el-
ement in linking the land and marine 
records unequivocally. Between these 
two events, fine-​grained beds T5a, T5b, 
and T5c are observed. Grain size and 
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found in Goldfinger et al. (2013b). Phys-
ical property traces are as in Figure 5. 
OxCal model ages for Hydrate Ridge and 
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Overall vertical scales were adjusted 
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See Figure 8 for rest of legend.
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to smaller sections of the middle part of the north coast transect. The quality 
of the correlations is highly variable, from very strong to weak. Typically, the 
thick doublet beds observed in Noyo Channel correlate robustly along much 
or all of the full transect length. Further discussion of the north coast regional 
stratigraphy is included in the Supplemental Material.

Doublet Stratigraphy in the Noyo and Trinidad Systems

Noyo Channel Doublets

In Noyo Channel, many of the Holocene turbidites have an unusual, inverted 
doublet appearance. The petrophysical traces suggest a coarsening-​upward 

unit, but the CT images and close examination revealed two subunits: 
a coarse, sandy bed deposited on top of a silty fining-​upward bed. Most 
examples are composed of similar pairs of fining-​upward sequences, closely 
stacked, with the upper unit typically denser, thicker, and coarser than the 
lower unit. Commonly, the upper units have a sharp upper contact between 
the TA–C and TE units (Fig. 14). (The magnetic and CT density data were col-
lected after the 1999 core was sampled and are disrupted by the sample voids, 
but the gamma density was collected from the core onboard before split-
ting and is unaffected.) The majority of the late Holocene Noyo beds show 
similar structure and have no evidence of hemipelagic sediment between 
the two coarse pulses (Fig. 15). The doublet stratigraphy commonly fades 
southward from Noyo Channel, with the lower unit fading from the sequence 
(Fig. S3, inset).
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Cascadia Subduction Zone Doublets

Doublet stratigraphy is also observed in the southern Cascadia subduction 
zone. The Cascadia subduction zone doublets are less pronounced and, where 
present, are comprised of an upward-​fining lower unit and a second upward-​
fining unit of coarser material embedded in the event bed tail, or, in some cases, 
a separate event with some hemipelagic sediment between the two. The likely 
1700 CE bed has a typical coarse base and rapid upward-​fining sequence, and it 
has a second upward-​fining coarse bed with loading structures embedded in the 
tail of the primary bed (Fig. 16). Within the interpretable time range of the Trinidad 
plunge pool (<2500 yr B.P.), there are three other doublets that have similarities 
with the upper doublet (Figs. 5 and 17), suggesting close timing between the two 
elements, and several others with some hemipelagic material between the two 
units. This doublet stratigraphy fades northward from Trinidad plunge pool (Fig. 8, 
inset). This northward change consists of the upper unit fading from the sequence.

DISCUSSION

We now discuss the potential interaction of the Cascadia subduction zone 
and the northern San Andreas fault. The two adjacent major fault systems both 
have long paleoseismic records with which we evaluated hypotheses that might 
explain the data, and finally we discuss implications of our preferred hypothesis.

Refinement of the Event Correlation for the Southern Cascadia 
Subduction Zone and Northern San Andreas Fault

Age Control

The differences between the analytical and Bayesian age models are, for 
the most part, negligible (see Fig. S4; Table S1). Some of the variation likely 
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comes from the different strategies used for the two models, as well as better 
observations for the new models, undetected erosion or core deformation, 
incorrect thickness observations, or differential compaction. The two age 
and sedimentation-​rate realizations represent end-​member treatments of 
the same data, yet they yield similar values well within the 1σ uncertainty, 
lending confidence to the results. In the analytical model, sedimentation 
rate is an input, whereas it is an output in the Bayesian models. Regional 
provenance and sedimentation rate variability is driven mainly by river dis-
charge along a given coast (e.g., Aksu et al., 1995), as shown in Cascadia 
(Griggs and Kulm, 1970; Nelson, 1976; Underwood and Hoke, 2000). As the 
overall regional rates for the entire Holocene are quite stable (Fig. S5), we 
infer that real sedimentation rate variability over short time frames was not 
likely and is not observed or expected for deep-​water hemipelagic sedimen-
tation (e.g., Stow and Tabrez, 1998; Pickering and Hiscott, 2016; Kemnitz et 
al., 2020; Stow and Smillie, 2020). In most cases, the revised ages from the 
Bayesian models improved the alignment of event ages within sites and 
regionally; this is expected if the event ages are synchronous, and unlikely 
otherwise. Finally, we recomputed statistics for OxCal combinations (OxCal 
Combine function) of the radiocarbon data from events interpreted to be cor-
relative in the Cascadia subduction zone (Goldfinger et al., 2012, 2017). This 
comparison shows that for all events with enough data to perform this test 

(n = 30), all pass the χ2 and OxCal A_Comb statistics for coevality (Figs. S6 
and S7; Tables S2 and S2a).

Revised Cascadia Subduction Zone Stratigraphy

The Trinidad plunge pool site captures a high-​resolution record in the late 
Holocene and includes the historic beds discussed in the following section. 
Figure 5 shows an anomalously large number of uncorrelated beds located 
between Cascadia subduction zone (CSZ) event beds T1 and T3. In most of 
the Cascadia subduction zone, nothing significant is in this interval except 
T2, while in the southern Cascadia subduction zone, T2a and T2b are present 
as faint beds that are interpreted based on the continuity of stratigraphy and 
compatible age models. In the Trinidad plunge pool, however, there are ~8–​
10 beds, four significant, in that time interval. These beds are not observed 
outside the plunge pool or represented in onshore or lacustrine paleoseismic 
records. This sequence has a normal radiocarbon age progression during that 
time range, so seiches within the pool are unlikely explanations. Otherwise, 
we are unable to interpret the origin of these events at present. Much of the 
Trinidad section between ~800 yr B.P. and ~2500 yr B.P. is a good match for the 
regional Cascadia subduction zone sequence (Goldfinger et al., 2012, 2013b), 
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with a modest number of minor additional beds. Below that age, the bed fre-
quency increases dramatically and becomes uninterpretable (Goldfinger et al., 
2012). The origins of this frequency shift were discussed in Goldfinger et al. 
(2012), and they are beyond the scope of this work. The Trinidad site is fed by 
Trinidad Canyon almost exclusively. We infer that sediment sources were most 
likely the Klamath River, feeding the system from the northeast, dominated by 
sediment plumes from the Eel River during winter storm conditions (Wheat-
croft et al., 1997; Burger et al., 2002; Puig et al., 2003), similar to the recharge 
of the SW Washington canyons from the Columbia River (Sternberg, 1986).

More regionally, thickness and grain-​size trends increase southward from 
Rogue Apron to the southern limit of the Cascadia subduction zone (Fig. 8), 
but not in all cases (cf. Goldfinger et al., 2013b). The bed thickness and grain-​
size characteristics are modulated by canyon proximity, described previously 
and in Goldfinger et al. (2013b). This is supported by several cores collected 
between canyon systems that show a fainter, finer-​grained turbidite stratigra-
phy (TN0909–​02 and 05 JC/TC in Fig. 8). Given the weaker constraints available 
with which to correlate beds, we relied more on the frequency, timing, and 
similarity of the sequences to interpret their linkages.

The southernmost Cascadia subduction zone systems, Eel and Mendocino 
Channels, have been sampled extensively and found to have very high tur-
bidite frequency. Paull et al. (2014) found the turbidite frequency on Eel Fan is 
approximately one event per ~36 yr for the middle to late Holocene. We found 
a nearly identical value of 39 yr recurrence in the post–​1500 yr B.P. section of 
our TN0909 Eel cores (Fig. S1). Analysis of the complex high-​frequency tur-
bidite record contained in the Eel cores, while potentially useful, is beyond 
the scope of this study.

Some modest revisions to the stratigraphy reported in Goldfinger et al. 
(2013b) are briefly discussed here. As the thinner beds are observed to wax 
and wane with proximity to canyon sources, these regions can be “flattened” 
to help visualize the effect and the correlation (Figs. 9–​11). Two cores span-
ning that area without the more difficult intervening sites show very similar 
stratigraphy found at the end-​member sites (Fig. 9), supporting the correlation 
despite the problematic intervening sites.

An important observation relates to CSZ T1 and T2. Goldfinger et al. (2012) 
observed that across seven cores at the Rogue Apron site, only one core reli-
ably revealed time separation between these two events. The rest of the cores 
showed these two events amalgamated, with the thin hemipelagic interval 

B.

A.

C.

T3

T4

T4a

T5

UC
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920 (770-1040)
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NT9?
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altNT6?

Figure 17. Three complex late Holocene turbidites from Trinidad plunge pool. (A) Cascadia 
subduction zone (CSZ) T3 is overlain by a bed labeled T2g, with a thin interval of hemi
pelagic material and a median age slightly younger than T3. It has a secondary coarse 
unit between the main body and tail. (B) CSZ T4 is a complex triplet, the middle interval 
of which shows load casts into the basal unit, and a finer-​grained upper pulse prior to the 
tail. (C) CSZ T5 is a complex multipulse bed, with two primary coarse units overlain by a 
third pulse deposited before the tail, which is directly overlain by a second uncorrelated 
event labeled UC. Radiocarbon median ages with 2σ ranges are shown. Gray ticks are 
10-cm depth markers. See Figure 8 for rest of legend. UC—uncorrelated event.
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obscured or eroded. Many of the southern Cascadia subduction zone cores have 
a similar relationship (Fig. 8). At the best sites, such as Trinidad plunge pool, 
these events are clearly separated by the high sedimentation rate. At other sites 
between Rogue Apron and Trinidad pool, many do not show this clear relation, 
and in fact appear to be missing one of the two events (Fig. 8). For example, the 
event originally labeled T2 in Goldfinger et al. (2012) was interpreted as such 
by the radiocarbon ages at Klamath and Smith Canyons, which were compat-
ible with the mean age of T2 (~480 ± 95 cal yr B.P.) regionally (Goldfinger et al., 
2012). However, this meant that T1 would have to have been the faint event 
above that. The 1700 CE event is of average thickness throughout Cascadia 
subduction zone marine records, while observations of subsidence and tsunami 
deposits in the southern Cascadia subduction zone mostly do not support a 
very weak 1700 CE event at those latitudes (Garrison-​Laney 1998; Valentine et 
al., 2012). However, the likely 1700 CE event at Bradley Lake in fact is relatively 
thin (Kelsey et al., 2005). This ambiguity could be due to low tide occurring at 
the time of the event in the southern Cascadia subduction zone (Mofjeld et al., 
1997) or other external factors, so we favor reinterpreting the large event with 
the T2-​like age as an amalgamated T1 and T2 bed with a basal radiocarbon 
age similar to that of regional T2, similar to Rogue Apron. Age models for the 
uppermost section are also consistent with this interpretation (Figs. 8 and 9).

Some of the more robust thin beds, such as T3a, T3b, T5a, T5b, and T5c, 
become as coarse and thick locally in the southern Cascadia subduction zone 
as the interpreted regional events. The latter three events do not have coastal 
correlatives (Nelson et al., 2021) but may appear in higher-​sensitivity lake 
records (Morey, 2020; Morey and Goldfinger, 2024).

As a final addition to the topic of along-​strike correlation, an observation 
tool for examining the intersite Holocene sections not previously used is given 
in Supplemental Text S1 and Figure S8. The Holocene series of primary beds, 
previously reported at primary sites, is represented only by bed thickness in 
this figure. The stratigraphic sequences, represented by thickness variability 
alone, are similar across varied sites, a result not expected from random pro-
cesses, but compatible with regional earthquake energy-​release sequences 
(see Supplemental Text S1).

Along-​strike sediment transport could play a role in correlation; however, 
the abyssal plain between the Rogue Apron and Trinidad pool has a slope 
angle of 0.015°. Given the flat bottom, little sediment transport in either direc-
tion would be expected. The slight right-​turning tendency from the Coriolis 
force (e.g., Wells, 2007) would counter this slight slope. Thus, along-​strike 
bed correlation is unlikely to be the result of trench-​parallel transport. This is 
supported by the lack of Mazama ash in cores to the south of the abundant 
source at Rogue Canyon (Goldfinger et al., 2012, 2013b).

Most Recent Stratigraphy

The post–​1700 CE stratigraphy has not been previously described, and it 
is a key element to this study. The uppermost bed (T0a) has no detectable 

postevent deposition, and the median model ages of 1989–​1998 (avg. 1993, 
n = 5; Tables S3–​S19) are consistent with the 1992 Petrolia Mw 7.2 earthquake 
(Oppenheimer et al., 1993), one of the four largest regional events of the 
twentieth century (with the 1994 Mw 7.0 event on the Mendocino Ridge being 
a possible alternative at much greater range). The second event from the top, 
T0b (1988, 1961–​1999 CE), is sometimes amalgamated with the uppermost bed, 
and it is similarly a reasonable match for the 1980 Mw 7.2 Eureka earthquake, 
which was in the lower plate close to Trinidad Canyon (Dengler et al., 1992), 
although smaller earthquakes at greater range also exist. The weak third event, 
T0c, is interpreted to persist over ~75 km along strike between the Trinidad 
and Smith systems. The model age of this event at Trinidad pool is 1959 (1950–​
1990 CE), which could be a fit for an earthquake of Mw 6.2 at a distance 17 km 
west of the plunge pool in 1959. There was also a large flooding event in 1964; 
however, these possibilities cannot be effectively discriminated at present. 
Three beds are observed below T0c; the next significant event down, T0f, is 
traceable 155 km to the north among multiple systems (Fig. 8). This event has 
a mean age of 1926 CE (1830–​1956) and is a reasonable match for the age of 
the 1906 earthquake on the northern San Andreas fault (Fig. 7). Age models 
for the upper sections of Klamath, Smith, and Rogue Aprons are consistent 
with this interpretation (Fig. 8). A time-​equivalent event bed interpreted as the 
1906 event (1920, 1870–​1970 CE) has also been observed in Acorn Woman Lake 
(Fig. 1; Morey, 2020; Morey et al., 2024). The next event down, T0i, is faint, and 
it has a model age of ca. 1830 (1740–​1910); it is not a good match for either the 
1861–​1862 major storm or the Mw ~6.8 1873 slab earthquake (Brocher, 2019). 
It might, however, correspond to a possible Cascadia subduction zone event 
suggested at about that time (Carver and Plafker, 1999; Carver, 2000). We are 
unable to discriminate between these (or other) possibilities with present data. 
One additional faint bed with an age of ca. 1770 CE (1670–​1860) lies above T1 
at 1700 CE and is not known in other records.

Subbottom Profiles

The subbottom profile correlation shown in Figure 12 shows 22 significant 
beds that can be traced between Rogue Apron and Thompson Ridge. The 
Holocene reflector count is consistent with the cores at Rogue Apron, assum-
ing T1 and T2 are imaged as one bed, that beds T10b and T10f are imaged, 
and that very thin bed T12 is not. The Holocene base is clearly underlain by 
four thick reflectors that may be the latest Missoula flood beds, indicated by 
common wood and quartzite fragments in core RR2208 02JC, components 
consistent with the late Pleistocene outburst floods (e.g., Bjornstad, 2014) and 
not observed in the overlying Holocene sequence.

The imaged beds can be matched to the cores and individually verified over 
this 100 km distance, as well as southward to Trinidad plunge pool (Goldfinger 
et al., 2013b; Black, 2014), a total span of ~240 km. North of the Thompson 
Ridge site, the profiles begin to climb the southernmost constructional Astoria 
Fan, and the Holocene section thins, becoming unresolvable. The reflectivity 
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of these beds fades with distance from the major canyon source at Rogue 
Canyon both north and south, consistent with density and grain-​size decreases 
away from this source, as previously noted (Fig. 12; Goldfinger et al., 2013b).

Noyo Channel and North Coast Northern San Andreas Fault Stratigraphy

Noyo Channel. The Noyo Channel site is key to interpretation of north-
ern San Andreas fault earthquakes because it has a very short hypocentral 
distance, as the fault cuts and offsets the canyon head (Fig. 1), making Noyo 
Channel a very sensitive recorder. Noyo Channel also has several beds with 
historic-​era ages (Figs. 3 and 4). The upper event, NT0, has a range of 1960–​
1999 (trimmed by the date of collection), and a median of 1995 CE. This event 
may be the 1992 Petrolia Mw 7.2 earthquake, the largest event in that time 
period, recorded at a planimetric range of ~100 km. The second very faint 
event, NT0a, has a mean and median of 1965 (1900–​1999) and could be related 
to the 1964 floods. The mode for this age is younger, ca. 1985; therefore, it is 
equally likely that this bed is a result of the 1980 Mw 7.2 Eureka earthquake, 
although it is at a range of 165 km to the head of Noyo Canyon. The model age 
for NT1, the third event down, is 1923 (mean), with 1919 median (1850–​1950, 
trimmed by absence of bomb carbon; Figs. 18 and 19). Three other ages for this 
bed from BC50 have direct ages of 1900 (1690–​1950), 1930 (1830–​1950), and 
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Figure 18. Single plot from the Noyo P-​sequence age model. The event, locally called 
NT1, is the likely event bed from the northern San Andreas fault 1906 earthquake. The 
99.7% probability range extends slightly outside the 1950 limit for non-​bomb-​carbon 14C 
dating and is noted as “out of range” in the table output, but nevertheless it yielded a 
valid age for this event.
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Figure 19. Age model detail of the ca. 1700 CE doublet NT3–​NT4, and its immediate 
neighbors. The ca. 1700 CE event is shown with a P-sequence model age and an analytical 
age (in blue) for that event, which was directly dated. Similarly, the Noyo NT5 event is 
also shown with a P-​sequence model distribution and the analytical age (in blue). The 
2σ ranges are shown. Minor event NT2a is shown in gray due to the low probability that 
this small event would be confused with the major events above or below.
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1920 (1820–​1950) CE (Fig. 3). An OxCal combined age for these events yields 
1920 (1880–​1950) CE. These ages compare favorably to the 1906 northern San 
Andreas fault earthquake (cf. Goldfinger et al., 2007, 2008). Below the likely 
1906 bed, another faint bed, NT1a, is found to have a mean age of ca. 1870 
CE (Fig. 3). This faint event could be the result of the 1861–​1862 ARkStorm 
flood event (Null and Hulbert, 2007). One robust bed, NT2, is found between 
the 1906 and the ca. 1700 CE beds, with a model age of ca. 1800 (1650–​1930). 
A weak event is also observed at about this time on the Cascadia subduction 
zone side in Trinidad plunge pool. One additional faint event, NT2a, with an 
age of ca. 1740 (1580–​1890) CE overlies the ca. 1700 CE bed. No northern San 
Andreas fault earthquakes are observed at lake or onshore paleoseismic sites 
at these times; however, the bed overlying the 1700 CE bed in the southern 
Cascadia subduction zone is similar in age.

A major event, NT3–​NT4, at 1710 (1550–​1860) CE is well separated in time 
from events above and below. The probability distribution function shows 
the limited radiocarbon overlap for the overlying bed, and none at all for the 
underlying bed, both of which were dated directly (Fig. 19).

Northern San Andreas fault stratigraphy. While the correlation of the closely 
spaced Noyo Channel cores was straightforward, regional correlation southward 
was much more difficult than the equivalent process for the Cascadia subduction 
zone as previously discussed (see Supplemental Material). Overall, the correla-
tion is similar to the previous publications (Fig. S3), but the ages of the event 
beds south of Noyo Channel are now much more uncertain due to the contam-
ination issue (Supplemental Text S1), and their use is very limited in this work.

Relation of Correlated North Coast Beds and Onshore and Lacustrine 
Paleoseismic Sites

Despite problematic age control along the north coast segment, we can 
make several observations regarding these beds and their possible connections 
or lack thereof to other paleoseismic sites in the late Holocene. A space-​time 
compilation diagram for relevant onshore and offshore paleoseismic data 
shows relevant regional relationships (Fig. 21). The uppermost of these beds 
is the likely 1906 bed. While this bed is thin, it appears consistently along the 
north coast segment (Fig. S3). Noyo bed NT3–​NT4 (1710, 1550–​1860 CE) can 
also be correlated along-​strike and has temporal correlatives at numerous land 
sites, including Alder Creek, Fort Ross, Bodega, Vedanta, Dogtown, Bolinas, 
and Lake Merced (Fig. 21; Table 1). Beds NT5 through NT11 can similarly be 
correlated southward to Pioneer Canyon (Fig. S3). There is permissive cor-
relation of these beds and others younger than ~2200 yr B.P. at the north coast 
land sites as shown in Table 1. Beds NT12 to NT14 do not appear to correlate 
south of Albion Canyon. Beds NT12, NT13, and NT14 do have radiocarbon 
overlap with the oldest events at Vedanta but are older than all other land sites. 
Where they overlap, the offshore north coast record is very similar to that of 
the onshore sites, suggesting that these records may be evidence of the same 
series of northern San Andreas fault earthquakes, but closely spaced ruptures 

cannot be ruled out. At Lake Merced, bed 4, the event below the large proba-
ble 1906 bed (bed 3), has a 2σ age of 1730 (1580–​1890) CE, indistinguishable 
from the north coast segment ages at Noyo Channel for turbidite NT3–​NT4 of 
1710 (1550–​1860) CE. The penultimate event age for Vedanta Marsh is similar 
at 1710 (1670–​1740) CE, and similar to preliminary work at Montebello on the 
San Francisco Peninsula (Seitz, 2018). Merced bed 5 has a model age of 1670 
(1510–​1830) CE. This also is a plausible match for Noyo Channel, but nothing 
is observed at Vedanta Marsh in that time range. The Merced bed age is also 
similar to the peninsula segment penultimate event with a median age of ca. 
1620 reported in Schwartz et al. (2014). Other age correlations are suggested 
in Figure 21 and Table 1. Given the likely recording of both the 1989 Loma 
Prieta and the 1957 Daly City earthquakes in Lake Merced (Goldfinger, 2021), 
it is not surprising that the lake has more event beds than can be found on the 
peninsula or north coast segments of the northern San Andreas fault alone, 
as it is a likely recorder of both (if they are separable).

Comparing Noyo Channel with Lake Merced, including 1906 and the 14 prior 
event beds in Lake Merced, 10 of the event beds have significant radiocarbon 
overlap with Noyo Channel beds, and all but one of these has a potential 
correlative at Vedanta Marsh (Fig. 21; Table 1). Four beds at Lake Merced do 
not have temporal equivalents at Noyo Channel or Vedanta Marsh; and one 
other bed not observed at Noyo Channel does have a correlative observed at 
Vedanta Marsh. Of these 10, nine are statistically indistinguishable between the 
two sites, and the remaining bed has significant temporal overlap. No major 
beds are observed at Noyo Channel that lack potential temporal correlatives 
at Lake Merced within the ~2300 yr record length at Lake Merced.

Lake Merced may well have captured most or all northern San Andreas 
fault earthquakes occurring along the north coast segment over the past ~2300 
yr, and it also captures local events such as the 1957 event, and Santa Cruz 
Mountains events such as the 1989 Loma Prieta earthquake, and likely pen-
insula segment events if they exist as a separate segment. At this stage, it is 
not clear what the recurrence intervals are for such events, nor the recording 
fidelity of them at Lake Merced (Goldfinger, 2021).

The good correspondence between Lake Merced and Noyo Channel sug-
gests that 1957 and Loma Prieta–​type events could be relatively rare, if Lake 
Merced is indeed capable of recording all four event types, but the stratigra-
phy is primarily north coast segment events. One simple scenario of event 
linkage that is consistent with the data is shown in Table 1. One of these 
events, Merced bed 7, also has a temporal correlative at Vedanta, but not at 
Noyo Channel. Four of these five do not have good correlatives at other land 
sites on the north coast nor at Noyo Channel. Alternatively, these beds could 
represent local or Loma Prieta–​type events.

Doublet Stratigraphy

The presence of unusual doublet stratigraphy in event beds linked to earth-
quakes in cores near the triple junction is central to evaluating stratigraphy 
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Figure 21. Space-​time diagram for the southern 
Cascadia subduction zone (CSZ) and the north-
ern segment of the northern San Andreas fault 
(NSAF). Onshore and offshore age data are 
shown for both fault systems, with the triple 
junction represented by a red vertical dashed 
line. Stratigraphic correlations of Cascadia sub-
duction zone turbidites from Goldfinger et al. 
(2012) are shown to reflect long (>500 km) fault 
ruptures (bold dashes) of most of the megath-
rust, as distinguished from shorter (<500 km) 
fault segments (thin dashes). Correlations sup-
ported by well-​log methods and/or subbottom 
profiling are symbolized as shown in the ex-
planation, with heavier lines indicating thicker 
beds. Best-​fitting tie lines are based primarily on 
OxCal regional Combine functions; thus, some 
local mismatches can be seen. Northern San 
Andreas fault correlations based on this work 
and shown onshore data were extended ten-
tatively to Lake Merced where good temporal 
correspondence exists. For onshore data, up 
arrows denote maximum age estimates on 
detrital samples. Symbol width represents rel-
ative size of earthquake inferred from deposit 
thickness or amount of subsidence evident in 
change in microfossil assemblages. Rectangles 
represent inferred earthquake age ranges in 
calendar years before 1950 CE, calibrated from 
radiocarbon dates as discussed in the Methods 
section. The land age ranges presented here in 
the Cascadia subduction zone have been reca-
librated from the original laboratory reported 
age and are compiled in Supplemental Data S1 
of Goldfinger et al. (2012), Nelson et al. (2021), 
and references therein. Doublet stratigraphy 
is shown with double lines at the triple junc-
tion. Onshore Cascadia subduction zone data 
are modified after Witter et al. (2013). Northern 
San Andreas fault peninsula and Santa Cruz 
Mountains data are from Weldon et al. (2013); 
Baldwin et al. (2008); Prentice et al. (1999, 2013, 
2016); and Streig et al. (2020) and references 
therein, particularly their figure 8. CS—Crystal 
Springs and Crystal Springs South; F—Filoli; 
PV—Portola Valley; MB—Monte Bello (Seitz, 
2018); GF—Grizzly Flat; AF—Arano Flat; MC—
Mill Canyon; HD—Hazel Dell. North coast land 
sites: Shelter Cove (Prentice et al., 1999); Alder 
Creek (Baldwin, 1996; Prentice et al., 1999); Point 
Arena (SR) (Prentice, 1989; SR—Scaramella 
ranch); Gualala (Carroll et al., 2025); Fort Ross 
(Kelson et al., 2006); Bodega lagoon (Knudsen 
et al., 2002); Vedanta (Zhang, 2005; Zhang et 
al., 2006); Dogtown (Hall and Niemi, 2008); 
Bolinas Lagoon (Knudsen et al., 2002). Lake 
Merced ages were recalibrated using IntCal 20 
from Goldfinger et al. (2021, their table S10a). 
Bathymetry and topography were reprojected 
on a coastal meridian. Age scale zero mark is 
radiocarbon zero = 1950 CE. PDF—probability 
density function.
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with similar timing on both faults for evidence of a temporal relationship 
between the Cascadia subduction zone and the northern San Andreas fault. 
In the following sections, we discuss the nature and possible origins of these 
events in detail.

Noyo Channel doublets. The uppermost doublet (NT3–​NT4) has a 
P-sequence model age of ca. 1710 (1550–​1860) CE (Figs. 3, 14, and 15). Simi-
lar direct analytical ages are shown in Figure 3. An interval between the two 
coarse units was previously sampled and dated. These dates were reversed: 
460 (300–​630) yr B.P. and 660 (460–​860) yr B.P., showing that the foraminifera 
collected from the layer between the coarse units were reworked. Eleven exam-
ples of this particular doublet are available, seven from subsamples of box core 
M9907–​50BC, and two each from M9907–​49PC/TC and TN0909–​14JC/TC. Other 

similar examples are common (Figs. 3 and 15). Several Late Holocene beds 
do not have the doublet structure, while several are equivocal or intermediate 
types. A notable post–​4000 yr B.P. example is the likely 1906 bed (Goldfinger 
et al., 2008; this study), a relatively thin single bed.

Cascadia subduction zone doublets. Multiple-​pulse turbidites are common 
in the Cascadia subduction zone (Gutiérrez-​Pastor et al., 2013) and form the 
basis in many cases for intersite correlation (Goldfinger et al., 2012, 2017). 
Several southern Cascadia subduction zone beds differ from the common 
multipulse Cascadia subduction zone turbidites in that the second pulse does 
not appear to be cogenetic with the first. There is not a high-​energy signature 
of laminar and cross-​beds commonly observed in typical multipulse beds, but 
rather a clear second base (Bouma A) embedded in the fining tail of the first 

TABLE 1. 14C AGES FROM THE CASCADIA SUBDUCTION ZONE (CSZ), NOYO CHANNEL, VEDANTA MARSH, AND LAKE MERCED

CSZ CSZ Noyo Channel Noyo Channel Noyo Channel Vedanta marsh Vedanta marsh Lake Merced
(cal. yr B.P.)

Lake Merced
(CE)

Lake Merced

Trinidad Bed Noyo bed OxCal model (this study) Analytical (this study) Zhang et al. (2006) Zhang (2005) Goldfinger et al. 
(2021), recal

Goldfinger et al. 
(2021), recal

Merced bed

T0a 1993 (1969–1999) CE NT0 1998 (1961–1999) CE Not observed Not observed Not observed –36 (–26 to –46) 1986 (1976–1996) Bed 1

T0b 1988 (1963–1999) CE NT0a 1964 (1900–1999) CE Not observed Not observed Not observed –7 1957 Bed 2

T0f 1926 (1880–1956) CE NT1 1920 (1840–1980) CE 1915 (1810–1950)* CE E1  44 E1  44 50 (–30–170) 1900 (1780–1980) Bed 3

T1 220 (120–320) NT3–4 250 (100–400) 260 (50–450)* E2 260 (210–280) E2 265 (230–300) 220 (70–380) 1730 (1570–1880) Bed 4

Not observed Not observed Not observed Not observed Not observed Not observed 280 (120–440) 1670 (1510–1830) Bed 5

Not observed Not observed Not observed Not observed Not observed Not observed 370 (200–520) 1580 (1430–1750) Bed 6

Not observed Not observed Not observed Not observed E3 560 (510–600) E3 560 (520–600) 530 (400–640) 1420 (1310–1550) Bed 7

T2 550 (420–660) NT5 630 (390–870) 690 (480–890) E4 620 (570–660) E4a 620 (570–660) 690 (570–810) 1260 (1140–1380) Bed 8

T3 850 (710–960) NT6 780 (560–970) 710 (520–920) E5 770 (720–810) E4b 770 (720–810) 810 (660–970) 1140 (980–1290) Bed 9

T3a 920 (770–1040) NT7a 940 (770–1140) E6 820 (790–850) E5 820 (790–850) 940 (790–1060) 1020 (890–1170) Bed 10

T3b 1100 (940–1240) NT7 1080 (850–1340) E7 1100 (1070–1130) E6 1100 (1070–1130) 1070 (990–1190) 880 (760–960) Bed 11

T4 1210 (1060–1350) NT8 1290 (1030–1510) 1270 (1090–1500) E8 1270 (1240–1300) E7 1270 (1240–1300) 1310 (1180–1440) 640 (520–770) Bed 12

T5 1480 (1310–1640) NT9 1540 (1330–1830) Not observed Not observed 1510 (1390–1650) 450 (300–560) Bed 13

T5a 1650 (1470–1810) Not observed Not observed Not observed Not observed 1660 (1490–1830) 290 (130–470) Bed 14

T5b 1850 (1670–2020) NT10 1820 (1490–2190) E9 1880 (1730–2020) E8 1880 (1740–2025) 1810 (1640–1940) 140 (10–310) Bed 15

Not observed Not observed Not observed Not observed 1930 (1840–2020) 20 (–74–110) Bed 16

T5c 2050 (1880–2210) NT11 2170 (1780–2550) E10 2190 (2070–2300) E9  2190 (2080–2310) 2250 (2080–2360) –300 (–130 to –410) Bed 17

Not observed Not observed Not observed Not observed E11 2390 (2190–2580) E10 2390 (2200–2590) No data No data

T6 2570 (2370–2720) NT12 2570 (2240–2830) 2650 (2410–2900) Not observed Not observed No data No data

Not observed? NT13 2760 (2580–2920) E12 2780 (2610–2940) E11 2780 (2620–2950) No data No data

Note: Marine ages were calibrated with Marine 20; Lake Merced data were calibrated with IntCal 20. Vedanta ages are listed as originally published. Other ages are revised (5 June 2025) from Goldfinger et al. (2008). All ages are in 
yr B.P 1950 unless otherwise noted. Color key: green—significant 14C overlap north coast section; yellow—limited 14C overlap north coast section; blue—possible peninsula section events. CSZ—Cascadia Subduction Zona; recal—
recalibrated.

*Average of multiple ages.
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event with load casts (Fig. 16). The load casts imply rapid deposition into a 
soft, low-​energy substrate rather than a dynamic high-​energy surging flow 
event. There are several such beds in Trinidad plunge pool. The uppermost 
of these beds has a model age of 1730 (1630–​1830) CE, an analytical age of 
1650 (1490–​1850) CE, and a regional OxCal combined age of 1720 (1640–​1790) 
CE, and it is interpreted as the likely 1700 CE event via correlation (Fig. 5).

In all Trinidad cores, CSZ event T3, which is another well-​correlated event, 
is robust in all cores. The model age of T3 at Trinidad, 850 (710–​970) cal. yr 
B.P., is similar to the regional individual ages and the combined age of 800 
(730–​860) cal. yr B.P. in the Cascadia subduction zone (Fig. 5). Within the upper 
part of this event, there is a second coarse pulse similar to that observed 
for T1 (Fig. 8). Directly above T3, there is a second event (T2g) that does not 
correspond with any known Cascadia subduction zone event nor correlate 
northward. This bed also has a secondary coarse pulse separating the basal 
components from the tail. The next significant event down, regional T4, has 
a model age of 1210 (1060–​1350) cal yr B.P. and analytical ages similar to the 
regional Cascadia subduction zone combined age of 1210 (1150–​1270) cal yr 
B.P., and it also has a doublet upper unit that does not correlate northward 
(Fig. 8). The T4 bed is actually a triplet and has three coarse elements. The 
middle element has load casts similar to those observed for the T1 doublet. 
The third pulse is a weaker silty pulse showing some flow structure (Fig. 5). 
Like T1, the load casts in the second element of this bed suggest low-​energy 
tail deposition following deposition of the basal bed, with loading of the second 
pulse into the tail of the first. Another example is CSZ T5, also a well-​correlated 
regional bed, which has a Trinidad model age of 1480 (1320–​1640) cal. yr B.P., 
similar to the regional combined age of 1550 (1470–​1620) cal. yr B.P. This bed 
has multiple internal pulses, with a closely spaced doublet at the base, similar 
to other Cascadia subduction zone sites, and a second thicker but finer pulse 
separating the lower components from the tail (Fig. 17).

Sources of the Historical Turbidites in Northern California

A key observation about the post-​1700 Cascadia subduction zone turbid-
ites is that they are more extensive than initially recognized, and that historic 
earthquakes are likely included in the record. With additional data, it became 
possible to correlate some of them for significant distances of 50–​170 km with 
reasonable confidence (Fig. 8). For long-​distance correlations, such as the main 
series of Cascadia subduction zone earthquakes, local crustal earthquakes are 
very unlikely sources. However, shorter correlation distances considered here 
can be explained by smaller plate-​boundary earthquakes, slab earthquakes, 
and crustal earthquakes. Also, very large storms could be candidates as well, 
given that the criteria used for major plate-​boundary earthquakes are not 
applicable to this more spatially limited setting, though unlikely as discussed 
in Goldfinger et al. (2012).

From the historic-​era results, we constructed an approximate turbidity 
current triggering range versus Mw plot for events large enough to leave 

observable beds in multiple systems specific to the southern Cascadia 
subduction zone (Fig. 20). The plot includes four historic events: the 1922 
Gorda Mw 7.3: 120 km; the 1980 Eureka Mw 7.2: ~150 km; the 1992 Petrolia 
Mw 7.2: 210 km; and the 1906 northern San Andreas fault Mw 7.9: ~240 km. 
The plot also includes a possible record of several events in Wapato Lake 
(Washington) reported in Gutiérrez (2020), tentatively correlated to the Cas-
cadia subduction zone series of likely full-​margin ruptures. These events 
are found east of the Cascade arc at a range of ~300 km from the downdip 
edge of the locked zone. For comparison, Figure 20B shows a compilation 
of global observations of triggering distances, modified from Black (2014) 
with the addition of the Cascadia subduction zone data from this investiga-
tion. Observed ranges amalgamate the poorly known thresholds for slope 
failure under seismic loading, transport, deposition, and observation as 
well as the slant range to the hypocenter. Actual maxima for failure alone 
should therefore be greater.

Implications of the Historical Event Stratigraphy

The Petrolia and Eureka earthquakes of 1992 and 1980. The Mw 7.2 Eureka 
and Mw 7.2 Petrolia earthquakes are the two largest earthquakes in northern 
California in the post-​1950 era. The Petrolia earthquake is a shallow east-​
dipping thrust event that is either on the plate boundary or just above it on a 
splay thrust (Oppenheimer et al., 1993). Its age and strike-​length correlation are 
consistent with our event T0a. The 1980 event is thought to be a Gorda plate 
earthquake with a left-​lateral motion on a northeast-​striking fault plane (Lay et 
al., 1982), which is compatible with the rapidly deforming Gorda plate structure 
(Chaytor et al., 2004). Its age and strike-​length correlation are consistent with 
our event T0b. Shake maps for these two events are shown in Figure S9. The 
1980 event generated moderate intensities up to modified Mercalli intensity 
(MMI) VI at Brookings, Oregon, and the 1992 event generated somewhat lower 
intensities to the north, with MMI III felt at Brookings, although the ground 
motions were higher locally in the epicentral area.

The 1906 northern San Andreas fault earthquake. The Mw 7.9 northern San 
Andreas fault earthquake of 1906 is of particular interest for this study, and the 
presence of paleoseismic evidence of the 1906 event north of the triple junction 
has not previously been reported. The shake map for this event shows that 
shaking of MMI intensity VI extended north to about the latitude of Trinidad, 
California, ~100 km north of the triple junction (Figs. 1 and S9). Felt reports 
suggest intensity IV extended to about Brookings, Oregon, with I–​III felt even 
farther north (Stover and Coffman, 1993). The age and correlation length of 
bed T0f are consistent with this event.

The 1964 flood event. The 1964 “Christmas flood” was the largest in 
recorded history in northern California (Waananen et al., 1970). The discharge 
of the Eel, Klamath, Trinity, and Smith Rivers set records for years recorded 
continuously later than ca. 1922–​1931. The faint bed T0c could be consistent 
with this event.
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The 1861–1862 flood event. Detailed discharge data do not exist for this 
event; however, the 46 day storm of the winter of 1861–​1862 likely ranks as one 
of the largest of the past several hundred years (Ralph and Dettinger, 2011). This 
event must be considered as a viable sediment source for offshore northern 
California as it inundated most of the west coast. Bed NT 1a in Noyo Channel 
could be consistent with this event, as could bed T0h in Trinidad plunge pool.

Implications for the Cascadia Subduction Zone Paleoseismic Record

The proposed linkage of the southern Cascadia subduction zone records 
to several historic crustal and slab earthquakes has several implications that 
are important for the Cascadia subduction zone–​northern San Andreas fault 
comparison. Triggering distances of 150–​230 km can now be expected in the 
southern Cascadia subduction zone from Mw 7.1–​7.9 earthquakes, greater than 
previously thought. In the case of the Petrolia event, directivity effects would 
have been approximately normal to the margin, while for the 1906 and 1980 
events, they would have been parallel to the margin and would have enhanced 
ground motions to the north and north-​northeast, respectively.

The implication of this increase in triggering range and observation of his-
toric events is that northern San Andreas fault events clearly can be recorded 
in the Cascadia subduction zone, and if evidence of the 1906 event is present, 
then evidence of at least some of the previous northern San Andreas fault 
events is likely present as well. Given that, Cascadia subduction zone events 
should also be recorded at similar ranges south of the Cascadia subduction 
zone, for example, in Noyo Channel at 90 km range.

Riedel and Conway (2015) reported only partial recording of presumed 
Cascadia subduction zone turbidites off Vancouver Island at short ranges, 
suggesting generalizations of triggering distance should be used with abun-
dant caution.

Magnitude estimates. The historical event bed stratigraphy represents one 
of the first submarine records of known historical earthquakes in the Cascadia 
subduction zone. The only other published record is the 1946 Vancouver Island 
event in Effingham Inlet cores (Enkin et al., 2013). In addition to corroborating 
the earthquake interpretation, turbidite records of known earthquakes offer the 
possibility of improving estimates of Cascadia subduction zone earthquake 
magnitudes. Previously, the only ground truth was the 1700 CE event of Mw 9.0, 
which was based on a transoceanic tsunami record (Satake et al., 2003). Very 
rough estimates were made from rupture area and interevent time by Goldfin-
ger et al. (2012); Rong et al. (2014) improved on these estimates using turbidite 
mass per event and developing a relationship to make this estimate. However, 
these very crude estimates may now be tested against the historical record.

The historical crustal and probable slab events just described are apparently 
correlated over distances greater than previously estimated. As a result, some 
of the events attributed to the southernmost Cascadia subduction zone could 
have been sourced from crustal or slab earthquakes as well as plate-​boundary 
events. Additionally, previous rough magnitude estimates (Mw 7.5–​8.4) for the 

smallest events that do not extend north of Rogue Canyon and are not found 
in the tsunami record at Bradley Lake (Kelsey et al., 2005; Priest et al., 2014) 
may have been overestimated. Some of these events are similar in extent, 
thickness, mass, and grain size to the event beds associated with the prob-
able 1906, 1922, 1980, and 1992 (Mw 7.2–​7.9) earthquakes. Therefore, at least 
some of these events are very likely not Cascadia subduction zone–​sourced 
events; however, they likely remain evidence of significant earthquakes. The 
long triggering distance for the 1906 event suggested by our correlation could 
have been influenced by the northern San Andreas fault (and 1906 rupture) 
extending to the north of the triple junction, in addition to northward directivity 
(Song et al., 2008). This extension of dextral strain into the southern Cascadia 
subduction zone has now been observed geodetically (Materna et al., 2023), 
though the geologic details and northern rupture terminations of the 1906 
event or other northern San Andreas fault events are unknown.

Alternative Models

Sediment Sourcing

Several recent papers have discussed the broad-​scale geomorphology and 
mapped slope failures of the southern Cascadia subduction zone margin in 
relation to sources and sinks of turbidity currents. Hill et al. (2020) described 
the long-​term processes of canyon aggradation and infilling in southern Cas-
cadia subduction zone canyons, which are some of the conduits for abyssal 
deposits used here. They suggested that previous models, citing Adams (1990) 
and Goldfinger et al. (2003, 2012, 2013b), assumed that turbidity currents were 
sourced solely from canyon-​head sources. However, these studies primarily 
used sites that were known sources of good turbidite records, but they were 
not based on assumptions about the specific sources. Subsequently, Goldfin-
ger et al. (2017) discussed evidence that an amalgamated set of sources was 
required to explain the timing and distribution of Cascadia subduction zone 
turbidites, and this more accurately describes the model used in previous work.

Recent work in several settings has shown that while mapped submarine 
canyons and slope failures clearly are major contributors (e.g., Mountjoy et al., 
2018), they are not the only sediment sources, and they may not be required 
as the source of typical seismically triggered turbidity currents, as thin fail-
ures of surficial material are all that is required to supply sufficient material 
(Moernaut et al., 2017; Okutsu et al., 2019). Indeed, mappable slide failures are 
insufficient in number and volume to supply the observed volume of material 
recorded in seismoturbidites from canyons offshore Washington (Goldfinger 
et al., 2017). Those authors also inferred that broad, thin failures of surficial 
materials likely occur, in addition to canyon-​wall failures, to account for esti-
mated sediment volume.

The evidence presented in Goldfinger et al. (2013b) and this paper shows 
the weakening of the turbidite record between canyon sources, establish-
ing that these sources are important contributors, but by no means the only 
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sources. Goldfinger et al. (2012) also showed a complete record at Hydrate 
Ridge Basin West, offshore Oregon (Fig. 1), the source of which was an open-​
faced, failed anticlinal forelimb, clearly another source type, as is the similar 
setting detailed in Hamilton et al. (2015) at the Slipstream slide. Sediment fail-
ures, whether landslides of any size or surface remobilization, are promoted 
in areas of steeper slopes and/or sediment accumulation. Canyons have an 
abundance of both, as well as an order of magnitude more surface area per 
unit of margin length as compared to the frontal thrust. For example, the 
Rogue Canyon planimetric area is ~1150 km2, while an equivalent area for the 
frontal ridge would be ~60 km2. This difference is higher if the actual surface 
area is considered. Submarine canyons therefore function as the principal 
conduits for sediment transport onto the filled trench/abyssal environment. 
During the Holocene highstands, canyons trapped mostly fine-​grained sed-
iments and helped concentrate major and minor sedimentation events and 
promote downslope transport (Underwood and Hoke, 2000). The overall sed-
iment supply, as indicated by the thickness and grain size of event beds, is 
moderate near the major Rogue Canyon, low adjacent to the minor Smith and 
Klamath Canyons, and rises sharply at the major Trinidad and Eel Canyons 
(Fig. 1). This evidence is consistent with modern river discharge of these 
systems, suggesting that while most of these systems have been effectively 
relict during the Holocene, the long-​term sediment supply, which is tapped by 
earthquakes, retains a linkage to the nearby river systems in that sediments 
delivered during the Holocene and Pleistocene are still available for failure 
(Goldfinger et al., 2017). Goldfinger et al. (2012, 2017) have shown that the 
consistency of the Cascadia subduction zone turbidite record across multiple 
site environments, both with and without sediment recharge, is a robust fea-
ture of the stratigraphy, and in fact it can be used directly as a test of seismic 
origin. Additional details for this topic are included in Supplemental Text S1.

Was 1700 CE Multiple Events?

Melgar (2021) proposed that the Cascadia subduction zone 1700 CE 
earthquake could have been a doublet or multiple ruptures based on weakly 
permissive stochastic tsunami modeling of the Japanese arrival of the tsu-
nami. As the generation of doublet turbidites is germane to this work, this 
hypothesis is addressed here. As noted earlier, the stratigraphic record can 
resolve time differences between earthquakes of months, hours, and minutes, 
respectively (Patton et al., 2015; Wils et al., 2021; Howarth et al., 2021). There-
fore, the marine and lacustrine records in the Cascadia subduction zone should 
be capable of similar fidelity. Of the 99 viable examples interpreted as the 
1700 CE deposit (see Goldfinger et al., 2012, 2017a), three can be interpreted 
as doublets, in the sense of two-​pulse single events, but not as temporally 
separable events. Thus, the lack of doublet stratigraphy argues against the 
hypothesis of Melgar (2021). Recent modeling of multiple tsunami inundation 
sites along the Cascadia subduction zone coast also supports a single ~Mw 
9.1 rupture versus multiple ruptures (Small et al., 2025).

Data Quality

The Data Quality tab in Supplemental Data S2 details the criteria applied 
to compute an overall relative ranking of the quality of each age. In a web 
data release, Staisch et al. (2024) included a superficially similar data-​quality 
ranking and attempted to compare the rankings of the marine ages to onshore 
paleoseismic data. In comparison, that ranking scheme is incomplete, biased 
toward land methods, and includes conceptual and numeric errors and omis-
sions, so we prefer the more comprehensive quality assessment presented in 
Supplemental Data S2. We also do not consider it possible to directly compare 
the land and marine ages as the methods and tools used are too disparate. 
For example, the beds dated with marine ages have numerous avenues for 
correlation, whereas the land ages have only the ages themselves. Additionally, 
bracketing ages are typically not possible to ascertain due to sample-​volume 
constraints for the marine ages, but this can be done with land ages.

Possible Explanations for the Noyo and Trinidad Plunge Pool Doublet 
Event Beds

Previous work along the Cascadia subduction zone and northern Califor-
nia margins (Goldfinger et al., 2003, 2012, 2007, 2008, 2017; Enkin et al., 2013; 
Hamilton et al., 2015) shows that the doublet stratigraphy as described here 
for Noyo Channel and Trinidad Canyons is not common elsewhere along 
either margin, although there are a few examples. “Inverted” doublets such 
as those of Noyo Channel are very uncommon. The origins or precise timing 
of the two units of such doublets are also not clear. Van Daele et al. (2017) 
separated amalgamated or multipulse turbidites coming from a synchronous 
source from stacked turbidites coming from sources separated in time. This 
aspect is explored in the next sections.

Hydrodynamics

Hydrodynamics are commonly cited as the source of bed structures in tur-
bidite deposits (Walker, 1965; Komar, 1985; Kneller and McCaffrey, 2003) and 
are the most commonly cited explanation for the Bouma or Lowe sequences 
observed in waning flows. Additional hydrodynamic complexities could come 
in the form of bathymetric pathway complexities, longitudinal-​flow variability 
(surging flows) due to a complex source, flow-​density dynamics, or multiply-​
sourced turbidity currents that merge along their travel paths (Lowe, 1982; 
Goldfinger et al., 2012, 2017; Gutiérrez-​Pastor et al., 2013; Ho et al., 2018; How-
arth et al., 2021). Upper Trinidad Canyon has numerous potential tributaries, 
~26 in total, that merge on the midslope terrace to form a simple lower-​canyon 
pathway to the abyssal plunge pool (Fig. 2). If these numerous pathways are 
influencing the event-​bed structure, one might expect to see as many as 26 
or more coarse pulses in the beds, but this is not the case, with typically 1–3 
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fining-​upward sequences within a single bed, similar to that observed at other 
Cascadia subduction zone sites with variable numbers of tributaries (0–​7; Gold-
finger et al., 2017). Additionally, the numerous features that appear superficially 
as canyon tributaries (Fig. 2) have been characterized as overlapping lowstand 
ravinement surfaces (Burger et al., 2002), so it is not clear what role they play, 
if any, as contributors to amalgamated flow during disturbance events. The 
northernmost potential tributary, however, is clearly connected to the outflow 
of the Klamath River system (Goldfinger et al., 2023).

Noyo Canyon has a pathway that only has two short (10 km and 22 km) 
tributaries on the uppermost slope/outer shelf and is otherwise a simple single 
pathway (Fig. 2). This two-​headed canyon configuration might provide a rela-
tively simple explanation for the Noyo Channel doublets. Previous work has 
noted that such complexities seem not to generate matching stratigraphies at 
the scale of a single canyon under earthquake loading and failures (Gutiérrez-​
Pastor et al., 2013; Goldfinger et al., 2012, 2017). The same appears to be true 
of canyon systems where numerous failures likely occur along the full length 
of the system, and yet the turbidite structure does not reflect these individu-
ally, though they do commonly thicken downstream, reflecting longitudinal 
volume additions (Goldfinger et al., 2017). Instead, the primary deposits linked 
to great earthquakes remain remarkably uniform, to a first order, above and 
below such proximal confluences and begin to show evidence of stacking 
only in distal confluences in the northern San Andreas fault system, where 
traveltime differences likely play a role (Gutiérrez-​Pastor et al., 2013). The Noyo 
Channel turbidite doublets do not include the 1906 event bed, so the only 
event that is well known is inconsistent with this mechanism. If the doublets 
in Noyo Channel were created by the double canyon head, one would expect 
that the 1906 event would have that structure, as do the previous events. The 
presence of doublets also seems to be associated with the Mendocino triple 
junction region, fading rapidly to the north and south, and this association is 
not linked to any specific hydrodynamic condition in that area of which we 
are aware; therefore, hydrodynamics seems to be a relatively poor candidate 
for explaining either the Noyo or Trinidad doublets.

Aftershock Sequences

Aftershock sequences could potentially contribute to the paired stratigra-
phy observed in both canyon systems. Late pulses of coarse material, even 
within the tail of a settling turbidite bed, would not be a surprising result, and 
this scenario has been suggested for the 2011 Tohoku earthquake (Oguri et 
al., 2013; Kioka et al., 2019). In Trinidad plunge pool, several of the event-​bed 
doublets could be consistent with this scenario. Even so, the log-​correlation of 
the Cascadia subduction zone basin turbidites shows that the structural vari-
ability of correlated beds from site to site is relatively low, which is inconsistent 
with significant input from local aftershocks following each major event. The 
event sequences, which include a variety of site types, from isolated basins to 
abyssal to canyon systems, show only minor evidence of uncorrelated events 

or events correlated over short distances; however, aftershock evidence could 
well be present within what is presently interpreted as single beds. Current 
information about the lower threshold for triggering and recording events, 
as discussed in the section “Sources of the Historical Turbidites in Northern 
California,” suggests that in Cascadia basin, aftershocks below Mw 7.0 might 
not be reliably recorded, although this threshold remains poorly known and 
is likely subject to wide variability. Supplemental Text S1 suggests one pos-
sible aftershock example. In Noyo Channel, however, the upper parts of the 
doublets are mostly coarser and thicker, not faint. The observation that nearly 
all of the event beds have this configuration makes alternative explanations 
unlikely. Overall, aftershocks, while they are likely represented sporadically 
in the stratigraphic record, are not a likely explanation for the consistency of 
the Trinidad plunge pool and Noyo Channel doublets.

Directivity of Multipulse Events

One potential source for Noyo Channel doublets could be the directivity 
of a linear northern San Andreas fault source with two characteristic rupture 
patches. This could produce a sequence with the more robust part of the dou-
blet on top, in the case where a rupture started far from Noyo Canyon and 
concluded near the north end of the northern San Andreas fault with stronger 
ground motion. This explanation has appeal in that the 1906 event was such 
a doublet seismologically (Song et al., 2008). However, of the 13 examples of 
the 1906 earthquake, while some are faint doublets (Fig. 3), none resemble 
the thick inverted doublets deposited earlier in time. Directivity, while it may 
well be preserved in the beds at some level, is not a robust explanation of 
the observations.

Retrogressive Failures

A possible scenario for the characteristic doublet stratigraphy could be a 
retrogressive failure mode akin to that described for the 1929 Grand Banks 
earthquake (Piper et al., 1988; Henry et al., 2021). Such a failure mode could 
last many hours or even weeks. This failure mode would have to be some-
thing unique to Noyo Canyon in terms of canyon configuration, sediment 
supply, or other factors. The long retrogressive mechanism for the Grand 
Banks event was likely related to a long recurrence interval, leaving large 
masses of unfailed late-​glacial and postglacial sediment available. The north-
ern San Andreas fault contrasts with that scenario in that it has relatively low 
sediment supply and short recurrence times for the northern San Andreas 
fault of several hundred years. The ubiquitous presence of inverted doublets 
strongly suggests a less random and more systematic causation. Given the 
very different scenario and the lack of support for this mechanism by other 
means, retrogressive failure appears to be a poor match for the observed 
stratigraphy.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/21/6/1132/7606522/ges02857.1.pdf by guest on 26 January 2026

http://geosphere.gsapubs.org


1165Goldfinger et al.  |  Partial synchronization of Cascadia–northern San Andreas fault GEOSPHERE  |  Volume 21  |  Number 6

Research Paper

Nonseismic Sources

The primary nonseismic sources would be very large storms, distal tsu-
namis, or random slope failures. Inverted structures are sometimes invoked 
for storm-​related turbidites, which may show a coarsening-​upward and then 
fining-​upward sequence that corresponds to the waxing and waning of the event 
over a period of days (Mulder et al., 2001; see discussion in Goldfinger et al., 
2012). The Noyo doublet beds, however, are not similar to hyperpycnal beds 
because they are formed of two fining-​upward stacked sequences, with the 
coarser unit uppermost. Additionally, Noyo Canyon is not closely connected to 
a river system (Fig. 1). The nearest river is the Noyo River, a small coastal river 
16 km to the south of the closest part of the upper Noyo Canyon. The canyon 
and river may have been connected during the last Pleistocene lowstand, but 
they are currently separated by a wide, mostly flat-​lying sedimented shelf with 
no channel pathway connecting them during the Holocene (Beeson et al., 2017).

The historic era includes at least two extreme storms, the 1964 event and 
the 1861–​1862 events mentioned previously. The general insensitivity of the 
abyssal stratigraphic record to storm input from shallow coastal waters was 
discussed extensively in Goldfinger et al. (2012). The specifics of the possible 
faint appearance of the two historical events suggest the possibility that in 
the case of very narrow shelves and high sediment loads during storm events, 
some of these could be represented as thin beds distinguishable from the 
hemipelagic background. With respect to the northern San Andreas fault dou-
blets, however, such storms would have to have been much larger than the 
historical maxima, and they would have had to be a good match for the timing 
and frequency of known great earthquakes in the Cascadia subduction zone, 
which is clearly implausible. Nevertheless, in one midslope core, TN0909–​04TC, 
a 1079 m site with close links to possible shelf sediment sources, an event 
bed that is consistent with the 1964 flood event is much more robust than 
at abyssal sites (Fig. 10B). Hemipelagic intervals in this core contain numer-
ous wisps of silt, suggesting storm input from shallower water. Thus, storm 
events are most likely present, but they are more robust at shallow sites and 
minimal at most abyssal sites. Distal tsunamis have the potential to generate 
slope disturbances in shallow water. Evidence from the Tohoku 2011 Mw 9.0 
event shows that even a local tsunami-​generated turbidity current settles 
out primarily on the upper slope (Arai et al., 2013); thus, much smaller distal 
tsunamis are unlikely sources.

Triggered Earthquakes

Goldfinger et al. (2008) proposed triggering of the northern San Andreas 
fault by the Cascadia subduction zone (or vice versa) based on the similarity 
in timing of events in both systems. While the timing was not constrained to 
values better than the radiocarbon age uncertainties, the sequence of numer-
ous age overlaps seemed a plausible explanation. Now, with improved age 
models and stratigraphic evidence, we reexamine this hypothesis.

A space-​time diagram of Cascadia subduction zone and northern San 
Andreas fault event beds that includes southern Cascadia subduction zone 
marine and onshore age data, and the same for the northern San Andreas 
fault, shows potential relationships between these data (Fig. 21). Comparing 
the new age and correlation data across the triple junction, many of the events 
that are correlated northward along the Cascadia subduction zone and south-
ward along the northern San Andreas fault margins have similar radiocarbon 
overlaps to those noted in earlier work, with some differences (Fig. 22; Gold-
finger et al., 2008). The event pairs overlapping in time between both fault 
systems for the most part also correspond to stratigraphic doublets observed 
in Noyo Channel, Trinidad plunge pool, or both in some cases. The criteria for 
the triggering hypothesis are given in Tables 2 and 3.

The comparison shows that with improved age models, the similarity in 
event sequences is significant (Fig. 22). One key element, however, is that 
the presence of northern San Andreas fault events such as the 1906 event in 
the Cascadia subduction zone cores was not previously known. Furthermore, 
it must be expected that Cascadia subduction zone events should also have 
generated event beds in Noyo Channel at a similar 90-​km range. This alone 
might explain much of the temporal correspondence between southern Casca-
dia subduction zone stratigraphy and the northern San Andreas fault sequence 
at Noyo Channel. In that scenario, many of the ages in Noyo Channel could 
simply be replicate dates of Cascadia subduction zone earthquakes, and in 
fact, that is our preferred interpretation. However, this explanation alone is 
unlikely to explain the doublet stratigraphy. Our ground-​truth event is the 1906 
event, which is interpreted in both systems and is a simple turbidite on both 
the Noyo Channel and Cascadia subduction zone sides. This event, one of the 
few without a Cascadia subduction zone temporal correlative, is much thinner 
and simpler in structure than the thick beds earlier in time, and it lacks the 
doublet character. Examining the next significant event, in the 1700 CE time 
range, a doublet is observed in both systems, and indeed both faults are known 
to have had an earthquake approximately at that time (exactly 1700 CE for the 
Cascadia subduction zone; Fig. 21). With the expectation that each fault should 
be able to trigger turbidity currents in the opposing system, two event beds in 
that time range would be expected. What is observed, however, is a doublet 
in both systems, neither of which shows any evidence of time separation. The 
nearest events in time in Trinidad plunge pool are the overlying event ca. the 
1830s CE, and the next significant underlying event at ca. 330 yr B.P. (Fig. 5; 
there are several minor intervening beds). On the Noyo Channel side, there 
is also a minor event at ca. 1830 CE, and the nearest underlying bed is ca. 
630 yr B.P. Within this ~550–​600 yr time span, no other significant events are 
observed. The ca. 1700 CE bed has no overlap with the lower bounding unit 
and limited overlap with the upper bounding event bed (Fig. 19).

Potential corroboration has recently been reported in the form of den-
drochronologic evidence of the penultimate earthquake on the northern San 
Andreas fault. Carroll et al. (2025) reported evidence of possible damage related 
to a penultimate northern San Andreas fault event (8 of 16 trees) in 1698–​1700, 
and another event in 1678–​1680 (6 of 15 trees) at sites in northern California 
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(Fig. 1). Other onshore paleoseismic sites do not report a pair of events, with 
the exception of Lake Merced events 4 and 5 (bed 4: 1730 CE [1580–​1950], 
trimmed by bomb carbon); bed 5: 1670 CE [1510–​1830]; Fig. 21). While the 
1698–​1700 age is a potential match for the penultimate event described in this 
work, and it carries a timing precision that is invaluable, dendrochronology 
has significant subjectivity, as do most geologic interpretations (Jacoby, 1997), 
including our own. The interpretation of tree-​ring anomalies, such as abrupt 
growth suppressions, the formation of traumatic resin ducts, or reaction wood, 
as evidence of seismic shaking as distinguished from other environmental 
stressors (e.g., drought, insect infestation, landslides) can be difficult and 
relies on correlation of anomalies across multiple trees and sites to test for 
nonseismic causes (Kitzberger et al., 1995; Stoffel and Bollschweiler, 2008). 
The intensity of ground shaking required to leave detectable evidence likely 
varies by species and site conditions, so corroboration is generally needed to 
mitigate these issues (e.g., Van Arsdale et al., 1998).

In addition to radiocarbon overlap, and the presence of the unusual dou-
blets, the Noyo Channel turbidite doublets should fade in thickness with 
distance from the triple junction. Specifically, either the upper or lower unit 

should vanish for the Cascadia subduction zone and northern San Andreas 
fault, respectively, which is consistent with our observations (Figs. 8, S1, and 
S3). Additionally, the additional bed thickness created at sites proximal to the 
triple junction should also thin away from the triple junction. Local factors and 
sedimentation rates, of course, could modify these expected trends. Many, but 
not all, of the doublet event beds are consistent with these criteria.

In all, in the past 2500 yr, six Cascadia subduction zone–​northern San 
Andreas fault pairs, which includes all significant events for both systems 
(except the 1906 event), are likely candidates for a stress-​triggering relationship, 
having both inverted doublets in Noyo Channel, good temporal match, and 
a clear doublet on the Cascadia subduction zone side (Tables 2 and 3). There 
are two other possible matches, with reduced temporal overlap and/or less 
well-​expressed Noyo Channel inverted doublets, and one pair with temporal 
overlap but no doublet character. This represents all nine significant Cascadia 
subduction zone events (six long ruptures and the three largest of the shorter 
ruptures) having good temporal match and doublet character in one or both 
fault systems. During the same period on the northern San Andreas fault side, 
there are also nine significant events with both close overlap and doublet 

TABLE 2. TURBIDITE CHARACTERISTICS FOR CASCADIA VS. NORTH COAST SEGMENT OF THE NORTHERN SAN ANDREAS FAULT (NSAF)

Noyo doublet Noyo bed Cascadia Casc. doublet Casc. bed Along-strike Cascadia radio- NSAF onshore Lake Merced

Noyo event Doublet? Inverted? Thick? Fades southward? Thins southward? Doublet? Fades northward? Thins northward? Extent (NSAF) Carbon overlap Overlap? Overlap?

NT1 (1906) No NA No NA No No NA Yes Full No All Yes, M03

NT3–4 Yes Yes Yes Yes, lower Yes yes Yes Possible* Full Yes, T1 FR-E2, B-2, V-E2, Bo-”H” M04

NT5–5a Yes Yes Yes Yes Yes Yes Yes Yes* Full Yes, T2 Yes, FR-E3, B-3, V-E4, B-”S” M07

NT6 No NA No NA No Yes NA Yes* Full Yes, T3 Yes, B-3, V-E5, -E6, Bo-”S” Yes, M8

NT7a–7 Yes No Yes Yes, upper Yes Yes Yes Yes* Full Yes, T3a Yes, FR-E5, V-E7 Yes, M10

NT8 Yes Yes Yes Yes Yes ? NA No Full Yes T4 Yes, V-E8, FR-E5 Yes, M11

NT9 Yes Yes Yes Yes, lower Yes Yes No Yes* Full Yes, T5 No Yes, M12

NT10 Yes Yes Yes Yes, lower Yes No NA Yes* Nearly full Yes, T5b Yes, V-09 Yes, M14

NT11 Yes Yes Yes Yes, lower No No NA Yes* Full Yes, T5c Yes, V-E10 Older than LM

NT12 Yes Yes Yes No Yes ? ? Yes* Bodega Yes, T6 Older than all land sites Older than LM

NT13 No NA No NA No ? ? Yes* Bodega Yes, T6a, T6b Older than all land sites Older than LM

NT14 No NA No NA No ? ? Yes* Bodega Yes, T6a, T6b Older than all land sites Older than LM

NT15 Yes Yes Yes Yes Yes ? ? Yes* Bodega Yes, T7 Older than all land sites Older than LM

NT15a–T16 Yes Yes Yes Yes Yes ? ? ? Full Yes, T8 Older than all land sites Older than LM

NT17 No No No Noyo only No ? ? ? Full Yes, T8a Older than all land sites Older than LM

NT18 Yes ? Yes No, terminates at Gualala No ? ? ? Gualala Yes, T8b Older than all land sites Older than LM

NT19 Yes yes Yes Yes Yes ? ? ? Full Yes, T9 Older than all land sites Older than LM

Note: Parameters for triggering model color code: green—best fit; yellow—fair fit; blue—poor or no fit. FR—Fort Ross; B—Bodega; Bo—Bolinas; V—Vedanta; LM—Lake Merced; NA—not applicable.
*Likely due to sediment supply.
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TABLE 3. DEPOSITIONAL CHARACTER AND STATISTICAL FIT

Casc. 
bed no.

Noyo 
bed no. Fit code Noyo depositional character Erosive/nonerosive Hemipelagic presence

Combine 
agreement Combined Chi2

T0a 0 Weak doublet Nonerosive Hemipelagic NA
T0f 1 Complex cross-bedded, inverted doublet in some examples Erosive NA
T1 3_4 Strong inverted doublet, cross-bedded upper unit Erosive No (n = 12) 94.7 X2-test: df = 1, T = 0.647 (5% 3.841)
T2 5 Strong inverted doublet, cross-bedded upper unit Erosive No (n = 4) 121.1 X2-test: df = 1, T = 0.074 (5% 3.841)
T2a NA NA NA NA NA
T3 6 Strong inverted doublet, cross-bedded upper unit Erosive No (n = 4) 138.8 X2-test: df = 2, T = 0.221 (5% 5.991)
T3a 7 Strong inverted doublet, cross-bedded upper unit Erosive No, unexplained T7a UC bed 

(n = 4)
122.3 X2-test: df = 1, T = 0.034 (5% 3.841)

T4 8 Strong inverted doublet, cross-bedded upper unit Erosive No (n = 6) 124.7 X2-test: df = 1, T = 0.006 (5% 3.841)
T4a NA NA NA NA NA
T5 9 Strong inverted doublet, cross-bedded upper unit Erosive No (n = 6) 121.6 X2-test: df = 1, T = 0.003 (5% 3.841)
T5a NA NA NA NA NA
T5b 10 Strong inverted doublet, cross-bedded upper unit Erosive No (n = 6) slight possibility, 1 

example
119.6 X2-test: df = 1, T = 0.122 (5% 3.841)

T5c 11 Strong inverted doublet, cross-bedded upper unit Erosive No (n = 6) 91.3 X2-test: df = 1, T = 1.457 (5% 3.841)
T6 12 Strong inverted doublet, cross-bedded upper unit Erosive No (n = 6) 109.5 X2-test: df = 1, T = 0.500 (5% 3.841)
T6a 13 Singlet Nonerosive NA
T6b 14 Singlet Nonerosive NA
T7 15 Strong inverted doublet, cross-bedded upper unit Erosive Slight possibility (n = 5) 123.6 X2-test: df = 1, T = 0.049 (5% 3.841)
T7a NA NA NA NA NA
T8 15a Strong inverted doublet, cross-bedded upper unit No (n = 5) 121.2 X2-test: df = 1, T = 0.069 (5% 3.841)
T8a 16 Doublet in minority of examples No erosion observed No (n = 5)
T8b 17 Faint doublet in some examples No erosion observed Possible, 1 example (n = 5)
T9 18 Doublet in some examples Erosive No (n = 5) 103.1 X2-test: df = 1, T = 0.665 (5% 3.841)
T9a NA NA NA NA NA
T10 19 Equal doublet strong in one bed Erosive No (n = 5) 123.8 X2-test: df = 1, T = 0.002 (5% 3.841)
T10a 20 Singlet NA NA
T10b 21 Equal doublet Erosive No (n = 4) 113.6 X2-test: df = 1, T = 0.274 (5% 3.841)
T10c NA NA NA NA NA
T10f 22 Equal doublet Nonerosive No (n = 4) 126.6 X2-test: df = 1, T = 0.013 (5% 3.841)

23 Equal doublet, one example inverted Inverted is erosive, others not No (n = 4) 63.2 X2-test: df = 1, T = 1.289 (5% 3.841)
T11 24 Unclear if this is a doublet with 23, or a single event Nonerosive No (n = 4) 83 X2-test: df = 1, T = 1.289  (5% 3.841)
T12 25 Minor singlet Nonerosive NA
T13 26 Singlet Nonerosive NA 78.6 X2-test: df = 1, T = 1.907 (5% 3.841)
T13a NA NA NA NA NA
T14 27 Strong inverted doublet Erosive No (n = 3) 117 X2-test: df = 1, T = 0.238 (5% 3.841)
T14a 28 Equal doublet in two examples Erosive No (n = 3)
T15 29 Strong inverted doublet in one example Erosive No (n = 3) 115.3 X2-test: df = 1, T = 0.116 (5% 3.841)
T15a 30 Doublet weak, complex inverted in one example Erosive No (n = 3)
T16 31 Doublet weak, complex inverted in one example Erosive No (n = 3) 122 X2-test: df = 1, T = 0.127 (5% 3.841)
T16a NA NA NA NA NA
T17 32 Equal doublet Erosive No (n = 2) 74.2 X2-test: df = 1, T = 2.229 (5% 3.841)
T17a 33 Equal doublet Erosive No (n = 2) 70.9 X2-test: df = 1, T = 1.865 (5% 3.841)
T18 34 Weak deformed unit ?? No (n =  2)

Note: Green—good fit; yellow—good age fit, doublet present but not inverted; orange—poor to no fit; blue—Cascadia or northern San Andreas fault only recorded both sites? NA—not applicable; UC—
uncorrelated event; df—degree of freedom; n—number; T—temperature.
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character of a total of 12 beds. Of those, eight have temporal equivalents at 
one or more land sites to the south (Tables 2 and 3). For earlier times, from 
2500 yr B.P. to the base of the Holocene, many events have similar relationships, 
including 13 of 21 Noyo events having significant temporal overlap with the 
Cascadia subduction zone (Fig. 21). The temporal matches include all major 
Cascadia subduction zone events and the largest of the inferred segmented 
events T10b and T10f, and could include smaller events T6a, T6b, T8a, T10a, and 
T12. The events not matched are all minor events, but there could be potential 
minor event matches to the Cascadia subduction zone. These latter beds could 
simply be Cascadia subduction zone events recorded in Noyo Channel, our 
preferred interpretation, as they do not appear to correlate southward along 
the northern San Andreas fault. Of the 21 Noyo Channel beds, 15 have tempo-
ral matches in the Cascadia subduction zone, and of those, 13 have a doublet 
character, though with weaker evidence and more equal doublets (Tables 2 and 
3). Of the six unmatched beds (NT13, NT17, NT20, NT25, NT25a, NT30), five of 
them are thinner singlet beds; only one bed, NT26, is a thin singlet bed with a 
significant Cascadia subduction zone temporal correlative (T13). We infer that 
a model involving a close temporal relationship and potential stress-​triggering 
mechanism is the best-​fitting hypothesis to the observations.

Analysis and Implications of a Cascadia Subduction Zone–Northern 
San Andreas Fault Triggering Model

Head-to-Head Age Comparisons

Direct temporal comparisons between Cascadia subduction zone and north-
ern San Andreas fault sides of the Mendocino triple junction were tested using 
Bayesian statistical comparisons of the radiocarbon ages. The key compar-
isons including the Cascadia subduction zone and other north coast section 
northern San Andreas fault sites for comparison are shown in Table 1. Bayes-
ian age-​depth models are powerful tools for comparisons of sequences as 
shown in the previous sections, but they may be somewhat compromised in 
comparing single event ages as they can be shifted away from their associ-
ated radiocarbon ages in order to arrive at a best-​fit for an entire sequence. 
In comparing head-​to-​head ages, we give up some of the advantages of the 
depositional models in order to focus on comparing individual events. If two 
ages are thought to be coeval (as in this case), but not from the same source, 
then merging with the OxCal Combine function is appropriate (Ramsey et al., 
2010; Ward and Wilson, 1978; Wilson and Ward, 1981). Comparisons of the 
probability distribution functions with a χ2 test and the OxCal A_Combine 
function are discussed in Supplemental Text S1, and graphical outputs are 
given in Figures S10A–​10C.

CSZ T1. To compare the CSZ T1 age with the potentially correlative Noyo 
event NT3–​NT4, the Cascadia subduction zone sample 210 and the Noyo NT3–​
NT4 sample 50b were assessed (Fig. S10A). Two OxCal Combine functions 
were done, and each of the Cascadia subduction zone and Noyo ages were 

compared. The combined data yielded a rejection of the null hypothesis at well 
above the 95% confidence limit. The combined results were 1700 CE or 250 
(380–​100) cal yr B.P. (Fig. S10A). See Supplemental Text S1 for further details.

The ca. 1700 CE event is recorded southward at all sites along the northern 
San Andreas fault, likely including Lake Merced, over a strike length of at least 
280 km, and thus, it was a significant event. On the Cascadia subduction zone 
side, the event is thought to be of Mw ~9.0 with ~1000 km of strike length 
(Satake et al., 2003; Goldfinger et al., 2012, 2017). The maximum timing sep-
aration, exclusive of the stratigraphic evidence, in this case if the northern 
San Andreas fault followed the Cascadia subduction zone, is likely ~76 yr, 
established by the full-​time occupation of Mission Dolores and the Presidio 
by Spanish soldiers in mid-​1776 (Donkin, 1961).

Comparison of the Noyo age of 1700 (1560–​1840) CE to Lake Merced (LM) 
beds 4 and 5 both shows compatible ages, so either one could be a match for 
the Noyo Channel and the other land paleoseismic sites (Tables 2 and 3). Bed 
3 at Lake Merced is a much more substantial bed, however, and we prefer 
an interpretation wherein that bed records an earthquake that is a possible 
correlator along much or all of the north coast of the northern San Andreas 
fault (Goldfinger, 2021).

CSZ T2. To compare the CSZ T2 age with potentially correlative Noyo 
event NT5, the T2 model age from the southern Cascadia subduction zone at 
the Trinidad plunge pool was compared to the Noyo Channel age (Fig. S10A). 
Model ages were chosen due to high uncertainty for the direct 14C ages in 
this case. Our interpreted correlation has a median age at the Trinidad plunge 
pool of ~540 yr, slightly older than the margin average of 490 yr. The median 
of age of Noyo NT5 is 630 yr B.P., giving a poor temporal fit, but within the 
uncertainty. Given these discrepancies, this pairing is equivocal at best. In the 
Noyo Channel examples, the upper unit is cross-​bedded with a sharp upper 
contact. As with the CSZ T1 event pair, the upper part of the Trinidad plunge 
pool doublet appears to have been deposited either during or immediately 
following the deposition of the basal unit.

CSZ T3. To compare the CSZ T3 age with potential correlative Noyo event 
NT6, two T3 ages from the southern Cascadia subduction zone at the Trinidad 
plunge pool were compared to the available Noyo Channel ages. Figure S10A 
shows Cascadia subduction zone samples 278 compared to the Noyo age for 
NT6 sample 59. Another Noyo age, sample 33, is ~100 yr older than sample 59, 
and it was rejected in this comparison. The combined age yielded a rejection 
of the null hypothesis at well above the 95% confidence limit and Acomb statistic 
of 139%. NT6 may extend to the latitude of San Francisco (Fig. S3). Interpreted 
T3 on the Cascadia subduction zone side has a clear doublet structure in all 
samples that fades northward (Fig. 8). Bed NT6 on the Noyo side has a weak 
doublet structure in three of the four samples available that fades southward. 
See Supplemental Text S1 for additional details.

CSZ T3a. The next event pairing was CSZ T3a and Noyo NT7. While the 
temporal overlap is minimal, the event beds in Noyo Channel are mostly 
inverted doublets (3 of 4 samples), while the potential Cascadia subduction 
zone equivalents are difficult to interpret and are weak doublets. We consider 
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that these beds may be unrelated timing coincidences, or they record a single 
event by both systems.

CSZ T4. The T4 age from the southern Cascadia subduction zone at the 
Trinidad plunge pool (sample 83) was compared to the available Noyo Channel 
NT8 model age (Fig. S10A). The combined age yielded a rejection of the null 
hypothesis at well above the 95% confidence limit, and an Acomb statistic of 
125%, with Amodel agreement at 125%. T4 in the Trinidad plunge pool is a clear 
doublet, and the upper unit fades northward, becoming the more typical singlet. 
The doublet character is less clear in the Noyo system, appearing in three of 
five samples, being somewhat obscured by core deformation in M9907–​49PC 
(Fig. S3). The doublet character in the Noyo system is dissimilar to many of 
the other doublets, having either a weaker upper unit or two similar units.

CSZ T5. CSZ T5 is a well-​correlated major event in the Cascadia subduction 
zone, and it also has a time equivalent in the form of a major event doublet, 
NT9, in Noyo Channel. This event is commonly a doublet at most sites in 
the Cascadia subduction zone, so the doublet character at Trinidad is not 
particularly diagnostic. The CSZ T5 age, represented by sample Casc. 284, is 
indistinguishable from onshore ages for this event (Padgett et al., 2021; Nelson 
et al., 2021) and was compared to the model age of NT9 in Noyo Channel, as it 
has not been dated directly (Fig. S10A). The combined age yielded a rejection 
of the null hypothesis at well above the 95% confidence limit, and an Acomb 
statistic of 122% These are among the best examples, with Cascadia subduc-
tion zone beds normally stacked and Noyo beds inverted, with a sharp upper 
contact and cross-​bedding of the upper unit in the Noyo location. The Noyo 
Channel inverted doublet fades southward to complex single unit (Fig. S3). On 
the Cascadia subduction zone side, T5 in the Trinidad plunge pool is a com-
plex three-​pulse unit, overlain closely by another event. The hemipelagic time 
intervals are ~150 yr above and ~180 yr below on the Cascadia subduction zone 
side, and 200 yr above and 350 yr below for Noyo, excluding the possibility of 
misassignment of the matching beds. T5 at many Cascadia subduction zone 
sites is a doublet with short time separation between the two closely spaced 
basal units, and this character of the T5 base is observed well to the north, 
excluding the northern San Andreas fault as a contributor. The potential north-
ern San Andreas fault match may be the second unit above the basal doublet 
(Fig. 17), though the potential correlative is far less clear than the T1 example.

CSZ T5b. CSZ T5b is a correlated major event in the southern Cascadia 
subduction zone, and it also has a time equivalent in the form of a major event 
doublet in Noyo Channel. The CSZ T5b age, represented by sample Casc. 33, 
was compared to the age of NT10 in Noyo Channel, best represented by the 
OxCal model age for that event, as it has not been dated directly (Fig. S10A). 
The combined age yielded a rejection of the null hypothesis at well above the 
95% confidence limit, and an Acomb statistic of 120%. The Noyo bed examples 
are strong inverted doublets for all but one sample, with one damaged by core 
deformation. These examples also have sharp upper contacts, cross-​bedding 
in the uppermost unit, and erosion of the upper unit into the lower unit. On 
the Cascadia subduction zone side, a weak basal doublet and late secondary 
event (T5a2) were observed (Fig. 5).

CSZ T5c. CSZ T5c is a correlated major event in the southern Cascadia 
subduction zone, and it also has a time equivalent in the form of a major event 
doublet in Noyo Channel. The CSZ T5c age, represented by sample Casc. 285, 
was compared to the model age of NT11 in Noyo Channel, as it has not been 
dated directly (Fig. S10A). The combined age yielded a rejection of the null 
hypothesis at well above the 95% confidence limit, and an Acomb statistic of 91%. 
While these values are statistically acceptable, the fit is far less strong than 
that shown for other pairings. This is because the CSZ T5c age (sample 285) 
is younger than expected for this event, and younger than other ages for this 
correlated event at Rogue Apron and other sites. The age for this event was 
corrected from benthic foraminifera as discussed in Goldfinger et al. (2012), 
adding uncertainty, and there always remains the possibility of miscorrela-
tion. The lower unit of NT11 fades southward (Fig. S3), but T5c has no doublet 
character in the Cascadia subduction zone.

CSZ T6. CSZ T6 is a correlated major event in the southern Cascadia sub-
duction zone, and it also has a time equivalent in the form of a major event 
doublet in Noyo Channel. The CSZ T6 age, represented by sample Casc. 66, 
was compared to the age of NT12 in Noyo Channel, best represented by 
the OxCal model age for that event, as the radiocarbon age for that event is 
reversed. The combined age yielded a rejection of the null hypothesis at well 
above the 95% confidence limit, and an Acomb statistic of 110% (Fig. S10B). CSZ 
T6 in the Trinidad plunge pool only has a weak doublet character, while NT12 
has no doublet characteristics, and the event bed fades southward. Compar-
isons for additional temporal pairs are given in Supplemental Text S1 and 
Figures S10B and S10C.

Timing Considerations and Constraints

It is possible to ascertain even the single year of an earthquake through den-
drochronology, Paleomagnetic Secular Variation, or other methods (Atwater 
et al., 1991; Black et al., 2023; Kanamatsu et al., 2023), a level of precision 
normally unavailable in radiocarbon-​based paleoseismology. As previously 
noted, time differences between earthquakes in subaqueous paleoseismic 
investigations with time separation of months, hours, and minutes has been 
observed. Thus, stratigraphic relationships have the potential to address this 
relative timing precisely in this study, though with complications. The ability 
to resolve less than 100 yr separation in time is demonstrated in both faults 
by the observation of the likely 1906 and 1992 beds on both faults. Similarly, 
the likely separation of 12 yr between the inferred 1980 and 1992 beds (Fig. 7) 
is moderately well constrained.

To address subdecadal and possibly annual to subannual timing, the rel-
ative timing of the events can be considered, independent of what delivery 
mechanism(s) is operative. In Noyo Channel, the doublet stratigraphy is in 
many cases topped by a robust, coarse-​grained unit. The typical absence of 
hemipelagic material between the Noyo doublet units, which might constrain 
the timing to less than a decade or so, cannot be invoked simply because of the 
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likely erosive effects of the coarse and dense upper unit on the finer-​grained 
lower unit as noted for CSZ T1 and T2. The observed sharp upper contacts 
between TA–C and TE units indicate bypassing of the intermediate grain fractions, 
a characteristic of a proximal high-​velocity flow (Parker et al., 1986; Sequeiros 
et al., 2018) or autogenic flow fluctuation (Ge et al., 2022), supported by cross-​
bedding of the upper coarse unit, indicative of a bed-​load role for this unit 
(Bouma, 1962; Stow and Smillie, 2020). On the other hand, the lower parts 
of the Noyo doublets generally do not have sharp upper contacts, except 
where visibly eroded by the upper unit, and show no evidence of bypassing. 
Nonerosive-​appearing contacts are inferred in 32% of the doublets (Table 3) 
but cannot be considered definitive. For these reasons, the timing aspect is 
better addressed in the Cascadia subduction zone doublet examples, where 
the fainter proposed northern San Andreas fault event beds may have been 
deposited into the tails of the underlying Cascadia subduction zone beds as 
suggested for Cascadia subduction zone beds T1, T3, T4, and T5. There being 
no evidence of oxidation or erosion between these bed elements, this timing 
implies minimal separation between them in time, which could be at most a 
few years, and perhaps as low as hours to a few days. Baas et al. (2000) mod-
eled and tested the depositional timing of turbidity currents and concluded that 
the Bouma TA–C divisions would be complete in <20 min, potentially setting a 
very short upper bound on time separation. Transport to the core site likely 
would have been several hours for both units, so the separation in event time 
is the element of interest.

In summary, six pairs of events in Noyo Channel and Trinidad plunge pool 
have a high level of temporal overlap in the past 2500 yr. Of these, all significant 
events interpreted as full-​margin Cascadia subduction zone ruptures may be 
represented (T1 and T3–​T6, with T2 being equivocal), and all have the pro-
posed stratigraphic sequencing, with several more robust than others. Three 
additional events, T3a, T5b, and T5c, interpreted as partial-​margin ruptures 
(Goldfinger et al., 2012, 2017), have temporal overlaps and well-​defined inverted 
doublets in Noyo Channel but weak to no doublet structure in the Cascadia 
subduction zone. These three events are the most significant partial rupture 
beds in the southern Cascadia subduction zone younger than 4000 yr B.P., at 
least suggestive of greater energy release. Finally, good temporal overlaps 
exist for five additional pairings (with reduced criteria), CSZ T7, T8, T8a, T8b, 
and T9 with Noyo events NT15, NT16, NT17, NT18, and NT19, respectively. This 
result is summarized in Table 3, and other equivocal examples are discussed 
in Supplemental Text S1.

Event Frequency

During the period of clear doublet occurrence, the major event repeat 
interval in Noyo Channel was ~210 yr (16 events). In the Cascadia subduction 
zone, the average repeat time for all events large enough to be included in 
the segment models of Goldfinger et al. (2012; 15 events) is similar at ~230 yr. 
In Noyo Channel, at earlier times from ~3100 yr to the base of the Holocene, 

14 significant beds are observed (several other thin beds are present as well), 
with an average repeat time of ~470 yr. In the Cascadia subduction zone, the 
southernmost record cannot be determined due to limiting core length. How-
ever, if Rogue Canyon is representative of these events, then the Cascadia 
subduction zone during this same 6900 yr period had a major event repeat 
time of 510–​550 yr, for 12 or 13 events (segments A and B, possibly excluding 
thin T12; Goldfinger et al., 2012, 2017). Doublet stratigraphy for the southern-
most Cascadia subduction zone cannot be observed, but in Noyo Channel, 
15 of the 20 events in this period are doublets, though sometimes weakly 
developed and commonly without the strong inverted character (observed 
in only three of them; Table 2). Two other pairs (NT23-​NT24 and NT30-​NT31) 
are likely separate events. The timing of these individual events is generally 
similar between the southern Cascadia subduction zone and Noyo Channel, 
permissive but not strongly indicative of a correlation. Nevertheless, the 6900 
yr period includes only enough turbidite beds to satisfy recording of major 
events from one of the two faults, as the number is similar to that of the Cas-
cadia subduction zone alone. Because there are no corroborative onshore 
records for the northern San Andreas fault for that period, and the along-​strike 
correlation is problematic, we can speculate that: (1) either the northern San 
Andreas fault had no earthquakes during that period, and only events on 
the Cascadia subduction zone were recorded; (2) there is a mixed record of 
Cascadia subduction zone and northern San Andreas fault events that cannot 
currently be differentiated, and it is coincidentally similar to the Cascadia 
subduction zone; or (3) the Cascadia subduction zone and the northern San 
Andreas fault were partially synchronized during this period as well, leaving 
a record of both faults in amalgamated beds as we propose for the post–​2500 
yr B.P. period. We prefer the synchronized option as it fits the data well and 
requires no significant changes in fault behavior or coincidences. If correct, this 
scenario implies a longer recurrence period on average for both faults in the 
early Holocene, which has been clearly observed in the Cascadia subduction 
zone (Goldfinger et al., 2012).

Role of Upper-Plate Faults?

The southern Cascadia subduction zone has several well-​known upper-​
plate faults with relatively high event frequencies and Quaternary slip rates. 
Notably, these include the Mad River fault zone, Little Salmon fault, and Gro-
gan fault (Kelsey and Carver, 1988; McCrory, 2000). Clarke and Carver (1992) 
and Witter et al. (2002) observed that the Mad River fault zone and Little 
Salmon fault may have ruptured in at least four large earthquakes, ca. 260 yr 
B.P., ca. 800 yr B.P., ca. 1200 yr B.P. (two events?), and ca. 1550 yr B.P., broadly 
coincident with the age ranges for subsidence events in Humboldt Bay. They 
presented arguments for these ruptures to have most likely been coincident 
with subduction zone earthquakes at about those times, and the timings are 
broadly similar to those found offshore in this and previous work. Further work 
is needed to establish coincident timing or otherwise for these upper-​plate 
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faults, as the age ranges are so broad as to be speculative. Given existing 
knowledge, coincident ruptures on these upper-​plate faults are unlikely to 
have been contributors to the offshore record; however, this must remain an 
open question, and independent rupture remains a possibility. Ladinsky et al. 
(2020) reported additional work on the Little Salmon fault but were unable 
to resolve this question. Considering the historical lack of evidence in Noyo 
Channel for earthquakes from the Mendocino fault or the Gorda plate, those 
source possibilities seem unlikely for Noyo Channel.

Depositional Model

The deposition of multiple normally graded beds or subunits within single 
deposits derived from closely spaced earthquakes, multifault earthquakes, or 
multi-​asperity earthquakes has been observed or proposed in a number of 
settings. The expectation that this should be observed from surging flows with 
longitudinal heterogeneity was proposed by Lowe (1982). Characteristic stack-
ing that is traceable along strike has been used as a correlation tool and linked 
to earthquake sourcing and proposed to explain the along-​strike correlation 
of stratigraphy for seismo-​turbidites (Nakajima and Kanai, 2000; Goldfinger 
et al., 2008, 2012; Patton et al., 2015; Howarth et al., 2021). Separation of two 
distinct turbidites with 3 h of time separation between two earthquakes was 
reported by Wils et al. (2021). Patton et al. (2015) observed distinct turbidites 
in Sumatra from the 2004 and 2005 events with 3 months of time separation, 
and a three-​unit 2004 turbidite deposit that closely resembled the seismogram 
with three rupture patches from the 2004 main shock. Howarth et al. (2021) 
observed a linkage between ground motions and the resulting turbidite depos-
its within a complex multifault rupture during the Kaikoura earthquake of 2017. 
This example is perhaps the worst-​case scenario for the “paleoseismogram” 
hypothesis of recording primary energy-​release patterns in turbidite stratigra-
phy (Goldfinger et al., 2012) with multiple faults rupturing in a complex series. 
Limited experimental work supports the relationship between surging flows 
and the depositional sequence (Goldfinger, 2011; Ho et al., 2019), though it is 
problematic (due to scaling issues) to predict the real-​world range at which 
the surging pulses will eventually merge (Ho et al., 2018, 2019; Ge et al., 2022).

We propose a depositional model for the southern Cascadia subduction 
zone and northern San Andreas fault turbidites that builds on the observations 
elsewhere and satisfies the local observations in terms of these elements: 
(1) the possible close timing between Cascadia subduction zone and northern 
San Andreas fault events; (2) the doublet stratigraphy observed in the south-
ern Cascadia subduction zone and the northernmost part of the northern San 
Andreas fault, with strongly inverted doublets being the norm in Noyo Chan-
nel; (3) the rapid fading of doublet stratigraphy north and south of the triple 
junction; (4) the tendency for locally expanded thickness of the beds that have 
the doublet character and observed thinning away from the triple junction; 
(5) the lack of a doubling of the turbidite frequency that would result from 
independent rupture of the two faults, and the observed similar frequency 

implying paired bed deposition; and (6) the demonstrated ability to trigger 
turbidity currents at sites along the opposing fault. In the first stage, a Cascadia 
subduction zone earthquake occurs, triggering a robust turbidity current on 
systems on the Cascadia subduction zone side and depositing a coarse bed. 
A weaker turbidity current is triggered simultaneously on the northern San 
Andreas fault, at 90 km from the southern boundary of the Cascadia subduc-
tion zone, depositing a silty bed. In the second stage, a northern San Andreas 
fault earthquake occurs a short time later, triggering a weak turbidity current 
in the Cascadia subduction zone, at 90 km range, depositing a silty bed, and 
a robust sand-​bearing turbidity current in Noyo Channel, creating the upper 
parts of the Noyo doublets. The result is a normally graded doublet on the Cas-
cadia subduction zone side and an inverted doublet on the Noyo side (Fig. 23).

We note that the 1906 event bed is more robust in southern Cascadia sub-
duction zone sites (Fig. 8) than the upper doublets in the Cascadia subduction 
zone that may have been triggered by northern San Andreas fault events. The 
likely 1906 bed extends much further to the north than other potential northern 
San Andreas fault events recorded on the Cascadia subduction zone margin. 
Morey (2020) and Morey and Goldfinger (2024) observed a likely 1906 bed in 
Acorn Woman Lake, at a similar range to Rogue Apron, but not other northern 
San Andreas fault events. Why would this be? One explanation could be that 
the 1906 event had south to north directivity (Song et al., 2008), which would 
have strongly influenced the level of ground motion at the northern limit and 
extended the northern extent of strong shaking. If correct, our triggering model 
would likely result in north to south directivity for triggered events, reducing 
ground motion north of the triple junction, and possibly reducing the robust-
ness of the turbidite record for those events in the Cascadia subduction zone.

Fault Synchronization

Earthquake and fault synchronization refers to the tendency of large earth-
quakes on adjacent faults to repeatedly trigger other segments or other faults. 
Stress triggering relationships have been observed and reported in a number 
of settings (Stein, 1999; Parsons et al., 1999; Toda et al., 2011). Longer-​term 
synchronization or cyclic influence over several seismic cycles has also been 
reported or proposed in a limited number of settings: the Eastern California 
shear zone (Rockwell et al., 2000; Bell et al., 2004; Scholz, 2010), oceanic trans-
forms (McGuire, 2008), Chile (Cisternas et al., 2005), the Sunda subduction zone 
(Sieh et al., 2008), and the Cascadia subduction zone–​northern San Andreas 
fault (Goldfinger et al., 2008; this paper).

Scholz (2010) proposed that faults with similar geological slip rates and 
parallel or conjugate faults, or patches on the same fault, could be prone to 
synchronization. Scholz (2010) discussed the process in terms of oscillators 
and used the radio-​frequency term “phase locking” as an analog to what 
might occur in a system of multiple faults (see also Bendick and Bilham, 
2017; O’Malley et al., 2018). Scholz (2010) inferred from the spring-​slider block 
work of Gomberg et al. (1998) that static stress transfer would tend to inhibit 
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Figure 23. Two-​stage depositional 
sequence proposed for a Cascadia sub-
duction zone–​northern San Andreas 
fault stress interaction. (A) A Cascadia 
subduction zone earthquake occurs, 
triggering a robust turbidity current 
on the Cascadia subduction zone 
systems and depositing a coarse bed. 
A weaker turbidity current is triggered 
simultaneously in Noyo Channel and 
other sites at 90 km from the southern 
boundary of the Cascadia subduction 
zone, depositing a silty bed (com-
puted tomography [CT] example 
from lower part of 1700 CE shown at 
bottom). (B) A northern San Andreas 
fault earthquake occurs a short time 
later, triggering a weak turbidity cur-
rent in the Cascadia subduction zone, 
at 90-​km range, depositing a silty bed, 
and generates a robust sand-​bearing 
turbidity current in Noyo Canyon/
Channel, creating the upper part of 
the doublet. The result is a normally 
graded doublet on the Cascadia sub-
duction zone side and an inverted 
doublet on the Noyo side (CT example 
from complete 1700-​CE bed shown at 
bottom). JDF—Juan de Fuca.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/21/6/1132/7606522/ges02857.1.pdf by guest on 26 January 2026

http://geosphere.gsapubs.org


1174Goldfinger et al.  |  Partial synchronization of Cascadia–northern San Andreas fault GEOSPHERE  |  Volume 21  |  Number 6

Research Paper

synchronization, while dynamic stress transfer would promote synchronization. 
Using two-​dimensional simulations, Wei and Shi (2021) inferred that both static 
and dynamic stress transfer can work in a synchronized framework. Goldfinger 
et al. (2008) proposed and modeled the coseismic, afterslip, and viscoelastic 
Coulomb Failure Stress cases for the Cascadia subduction zone–​northern San 
Andreas fault interaction. Wei and Shi (2021) in modeling experiments found 
that synchronization could be maintained for 10–​20 cycles, and then the sys-
tem would devolve into more complex behavior. The evidence presented here 
suggests that beyond a triggering relationship with a pair of earthquakes, the 
Cascadia subduction zone and the northern San Andreas fault may have been 
involved in long-​term partial synchronization during much of the Holocene, 
as described by Scholz (2010). Our data suggest that even very dissimilar 
faults, such as a subduction thrust and adjacent vertical strike-​slip fault, can 
synchronize, and evidence also suggests that the repeat interval similarity of 
the involved faults might be important.

CONCLUSIONS

Detailed analysis of cores and subbottom profiles near the northern limit 
of the northern San Andreas fault at Noyo Channel and in the southern Cas-
cadia subduction zone has yielded improved stratigraphic sequencing, age 
models, and evidence of both paleo-​earthquakes and historic earthquakes. 
Subbottom data reveal a consistent sequence of event beds along a 240 km 
stretch between Trinidad plunge pool and ~43.3°N. Several significant event 
beds overlie the 1700-​CE Cascadia subduction zone earthquake bed. High-​
resolution age models suggest these likely include beds generated by the 
1906 northern San Andreas fault, 1980 Eureka, and 1992 Petrolia earthquakes.

A likely northern San Andreas fault 1906 bed in the southern Cascadia sub-
duction zone suggests that other event beds from the northern San Andreas 
fault could be present as well, and that event beds from Cascadia subduction 
zone earthquakes should be expected at similar ranges along the northern San 
Andreas fault. In both Trinidad plunge pool and Noyo Channel cores, unusual 
doublet event beds are observed. The observed beds in Noyo Channel are 
unusual, thick doublets with a lower silty unit directly overlain by a robust sandy 
unit, commonly with an erosional unconformity between the two subunits. On 
the Cascadia subduction zone side, the observed doublets commonly have a less 
robust upper unit, and some upper units are embedded in the tails of the lower 
units. The characteristic doublet stratigraphy in many Noyo Channel beds fades 
southward along the northern San Andreas fault, while those on the Cascadia 
subduction zone side fade northward. Similar doublet beds are rarely observed 
elsewhere in the Cascadia subduction zone or along the northern San Andreas 
fault. The doublet beds correspond to times when the northern San Andreas 
fault and the Cascadia subduction zone have both had significant earthquakes. 
An interpreted 1700 CE earthquake on both faults is corroborated by onshore 
tree-ring evidence for the Northern San Andreas fault. During the past ~3100 yr, 
a total of 18 (eight major and 10 minor) turbidite beds interpreted as generated 

by plate-​boundary earthquakes are found in the southern Cascadia subduction 
zone along with three historic beds from crustal or lower-​plate sources. In Noyo 
Channel and points south, there are 19 likely earthquake-​generated beds, 14 sig-
nificant beds, and five minor beds during the same period. Of the 18 Cascadia 
subduction zone beds, nine have a close temporal association with the likely 
earthquake-​generated beds in Noyo Channel. This includes all of the major Cas-
cadia subduction zone event beds and the three most significant thinner beds. 
The radiocarbon age medians for these events in the two systems differ by an 
average of 63 yr, with a standard deviation of 51 yr, and all exceed statistical 
tests of coevality. In addition, 8 of 10 of the Noyo beds corresponding to major 
Cascadia subduction zone events in this period have the distinctive thick inverted 
doublet stratigraphy, while beds without timing similarities, including the 1906 
bed, do not. Many of the Noyo beds younger than 2500 yr B.P. have possible 
correlatives at other land sites, including some or all of those available where 
temporal overlap with the land and marine records exists: Point Arena, Fort Ross, 
Bodega Bay, Bolinas Lagoon, Vedanta marsh, Dogtown, and Lake Merced. For 
most of the doublet beds, time intervals above and below commonly do not 
allow enough time for Cascadia subduction zone beds to be present in Noyo 
Channel but miscorrelated on the basis of radiocarbon.

The recurrence rate of major events near the triple junction (<3100 yr B.P.) 
where these two great faults intersect is not the additive rate of both faults, 
but, instead, it is similar to the rate for either fault alone, implying the doublet 
beds represent pairs of beds from each fault, stacked together as doublets. The 
doublet character is best explained by earthquakes on both systems spaced 
closely in time, as opposed to aftershock sequences, hydrodynamic genera-
tion, or other causes. The time separation between the Cascadia subduction 
zone and northern San Andreas fault ruptures is not known. On the Cascadia 
subduction zone side, several doublet beds appear to have the upper unit 
embedded in the tail of the initial event, implying a very short time separation 
where the second event was settling into the still-​moving, waning turbidity 
current from the initial event. This would imply minutes to hours of separation. 
For other events, temporal relationships are less clear. The earlier Holocene 
is less well constrained by fewer available cores. Of the 20 Noyo beds during 
that time, only two beds and event pairings, CSZ T8-​NT15a and T14-​NT27, meet 
the same criteria established for the post–​3100 yr B.P. time frame. However, 
12 of the beds, including eight pairs for all major Cascadia subduction zone 
events, as well as four minor ones, are temporally close, even though the 
doublet stratigraphy is not as consistent as that in the later period. Addition-
ally, the apparently excellent recording of Cascadia subduction zone events at 
Noyo Channel potentially removes much of the uncertainty about the southern 
extent of Cascadia subduction zone ruptures as noted in Goldfinger et al. (2012, 
2017). We consider that Noyo Channel may be treated as another Cascadia 
subduction zone paleoseismic site for some events.

The hypothesis of a stress-​triggering interaction and partial synchroniza-
tion of the northern San Andreas fault with the Cascadia subduction zone is 
supported by the new stratigraphic and radiocarbon evidence of occurrence 
and timing. The stratigraphic stacking suggests that the Cascadia subduction 
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zone ruptures first, and the northern San Andreas fault ruptures thereafter in 
most cases. There are several doublets without the inverted character that do 
not support either of the faults rupturing first over the other. The Holocene 
sequence of temporal and closely stacked stratigraphic pairs may represent 
direct evidence of partial synchronization of these two great faults for the 
latest Holocene, with the possibility of significant interaction at earlier times.
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