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ABSTRACT

Landslides are a significant hazard and dominant feature throughout the landscape of the Pacific Northwest.
However, the hazard and risk posed by coseismic landslides triggered by great Cascadia Subduction Zone (CSZ)
earthquakes is highly uncertain due to a lack of local and global data. Despite a wealth of other geologic evidence
for past earthquakes on the Cascadia Subduction Zone, no landslides have been definitively linked to such
earthquakes, even in areas otherwise highly susceptible to failure. While shallow landslides may not leave a
lasting topographical signature in the landscape, there are thousands of deep-seated landslides in Cascadia, and
these deposits often persist for hundreds of years and multiple earthquake cycles. Synthesizing newly developed
inventories of dated large deep-seated landslides in the Oregon Coast Range, we use statistical methods to es-
timate the proportion of these types of landslides that could have been triggered during past great Cascadia
Subduction Zone earthquakes. Statistical analysis of high-precision dendrochronology ages of landslide-dammed
lakes and surface roughness-dated bedrock landslides reveal Cascadia Subduction Zone earthquakes may have
triggered 0-15 % of large deep-seated landslides in the Oregon Coast Range over multiple earthquake cycles. Our
results refine estimates from previous studies and further suggest that coseismic triggering accounts for a small
fraction of the total deep-seated bedrock landslides mapped in coastal Cascadia. However, if the real rate of
coseismic landslide triggering during CSZ earthquakes is near our estimated upper bound for the 1700 CSZ
earthquake, we estimate up to 2400 coseismic large deep-seated landslides could occur in the Oregon Coast
Range in a single earthquake. These findings suggest Cascadia is consistent with global observations from other

subduction zones and that coseismic landslides may still represent a serious geohazard in the region.

1. Introduction

Earthquake-triggered landslides are a major coseismic hazard that
can result in considerable loss of life and impacts to the built environ-
ment (e.g., Petley, 2012). The impacts of earthquake-triggered (coseis-
mic) landslides range from immediate (e.g., damage to infrastructure),
cascading (landslide dam formation and subsequent outburst flooding),
and long term (landscape evolution; Fan et al., 2019 and references
therein). While landslides triggered by shallow crustal faults have been
studied extensively (e.g., Bommer and Rodriguez, 2002; Keefer, 1984;
Marc et al., 2016; Meunier et al., 2007; Valagussa et al., 2019), uncer-
tainty in the expected distribution, magnitude, type, and impacts of
coseismic landslides during great (Magnitude [M] > 8.0) megathrust
earthquakes is much higher given the relative paucity of studies on
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landslides triggered (or lack thereof) by great earthquakes, with well
documented inventories only existing for three events (Lacroix et al.,
2013; Serey et al., 2019; Wartman et al., 2013). This uncertainty is
particularly acute in the Pacific Northwest of the United States, where
onshore evidence of the impacts of the last great earthquake, a M8.7-9.2
on January 26, 1700 (e.g., Nelson et al., 1995; Satake et al., 2003;
Atwater et al., 2005), is limited to surviving oral histories, tsunami
sands, and limited ground failure evidence scattered along the coastal
regions of Cascadia.

Inland impacts of pre-1700 CSZ earthquakes are even more limited to
observations of lacustrine turbidites (e.g., Karlin et al., 2004; Leithold
et al., 2018) and older paleoliquefaction features possibly associated
with these events (Rasanen et al., 2021). While previous efforts have
used paleoliquefaction evidence (Obermeier, 1995) and fragile geologic
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features (McPhillips and Scharer, 2021) to estimate CSZ paleoshaking
intensities, the number of landslides triggered by great CSZ earthquakes,
and therefore magnitude of coseismic landslide hazard, remains un-
known from existing studies. Scant global records of detailed megathrust
earthquake triggered landslide inventories (N = 3, Lacroix et al., 2013;
Serey et al., 2019; Wartman et al., 2013), and estimates from the 1964
Alaska earthquake (> 10,000 landslides, Keefer and Wilson, 1989),
suggest fewer coseismic landslides may be triggered in great subduction
zone earthquakes than during large magnitude crustal earthquakes
(Tanyas et al., 2017). However, this small pool of global data limits our
ability to confidently predict future CSZ earthquake triggered landslide
impacts. First nation oral histories attributable to the 1700 earthquake
describe a highly destructive landslide in southern Vancouver Island,
Canada (Ludwin et al., 2005), but no other direct landslide evidence has
been found for the 1700 earthquake (LaHusen et al., 2020; Struble et al.,
2020), and the exact location of this slide is unknown. Several candidate
1700 landslides in Oregon and Washington, United States of America
(USA) have been identified (Anderson, 2009; Bush, 2020; Leithold et al.,
2018; Schulz et al., 2012) but lack precise CSZ earthquake coeval ages
that could be used to infer coseismic triggering. Three large rockslides
on the coast of Oregon remain some of the best evidence of CSZ triggered
landslides, as the site-specific modeling study of Schulz et al. (2012)
found existing slide geometries impossible to generate without strong
shaking. One of the challenges in finding landslide evidence from past
CSZ earthquakes is only a fraction of all coseismic landslides are likely to
be large deep-seated landslides that could be preserved in the landscape
for hundreds of years. While great earthquakes may trigger larger slides
on average than smaller magnitude events (Jibson and Tanyas, 2020),
small, shallow soil slides that are less unlikely to be well preserved in the
landscape are still expected to be the dominant mode of coseismic
landsliding during a CSZ earthquake. However, as in previous studies in
the region, this work focuses on less common large deep-seated slides
due to the preservation of these features in the landscape to draw in-
ferences about the impacts of past CSZ earthquakes.

Though little is known about the onshore effects of Cascadia earth-
quakes, recent landslide mapping and dating work is beginning to shed
light on the tens of thousands of landslides that are ubiquitous
throughout the Oregon Coast Range, USA (OCR). While shallow land-
slides and debris flows are common during the rainy season (Mont-
gomery, 2001; Penserini et al., 2017; Schmidt et al., 2001; Stock and
Dietrich, 2003), few deep-seated landslides have been observed in the
past 100 years, which previously led to speculation that these bedrock
slides are primarily a result of CSZ earthquakes (e.g., Roering et al.,
2005; Schulz et al., 2012). While recent work (e.g., LaHusen et al., 2020)
has suggested a strong hydrologic presence in landslide triggering, it's
unclear how many CSZ earthquake triggered landslides could be pre-
served in the OCR. Deep-seated bedrock landslides in the OCR exhibit a
conspicuous topographic form, where benchy, low-relief surfaces
demarcate relict slope failures with landscape residence times >100 kyr
(Almond et al., 2007; Roering et al., 2005). To date, over 20,000 deep-
seated landslides have been mapped throughout the OCR (Franczyk
et al., 2019; LaHusen et al., 2020). Of these tens of thousands of land-
slides deposits, hundreds have formed dams that persist today. These
dams often form ephemeral or long-lived lakes upstream, which drown
and kill trees that were previously occupying the valley floor. Dendro-
chronology can then be used to precisely date the timing of tree death,
sometimes with sub-annual accuracy, and therefore the timing of slope
failure (e.g., Pringle, 2014; Silhdn, 2020). Thus, landslide-dammed lakes
represent a means of confidently modeling the timing of dam formation,
and possibly revealing coseismic triggering when the timing of past-
earthquakes is known, in a way that radiocarbon dating is incapable
of due to the high relative uncertainty (e.g., Struble et al., 2020).
Importantly, 22 individual landslide dams in the OCR have now been
dated using dendrochronology, yet no landslide dams match the 1700 C.
E. date of the last CSZ earthquake (Struble et al., 2021).

Here, we use statistical methods to compute the implied triggering
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rate of large, deep-seated landslides by great CSZ earthquakes from two
dated landslide inventories in the Oregon Coast Range. We first leverage
the aforementioned landslide dam ages in the OCR (Struble et al., 2020,
2021), which include dendrochronology-derived dates, to estimate the
proportion of landslide dams that may have formed during the 1700 CSZ
earthquake as well as during multiple earthquakes over the past 1000
years. Second, we compare an inventory of nearly 10,000 deep-seated
bedrock landslide ages in the central OCR (LaHusen et al., 2020) to
synthetic landslide inventories composed of different proportions of
coseismic slides to place constraints on possible CSZ triggering rates of
large bedrock landslides. These two sets of results are then combined to
place upper bounds on the overall rate of large deep-seated landslide
triggering during great Cascadia Subduction Zone earthquakes in the
Oregon Coast Range.

2. Methods and data

To estimate the fraction of large-deep seated landslides in the OCR
triggered by great CSZ earthquakes, we developed a three-part analysis
to model (Section 2.1) limits on the number of coseismic landslide dams
triggered by the last CSZ earthquake in 1700 C.E., (2.2) the percent of
landslide dams triggered by CSZ earthquakes over multiple earthquake
cycles during the last 1000 years, and (2.3) the proportion of bedrock
landslides (including primarily non-dam forming landslides) triggered
by CSZ-earthquakes, using an independent dataset of nearly 10,000
landslides in the OCR dated using topographic surface roughness. An
important assumption in this work is that coeval earthquake and land-
slide ages imply seismically-trigged slope failure. Overlapping ages of
landslide dams and past CSZ earthquakes could also be caused by
coincidental triggering from other sources, and we address this lack of
causal information in Section 2.2 of our methods. To estimate a range of
large deep-seated landslides triggered by great CSZ earthquakes in the
OCR, we utilized high-precision age constraints from 21 landslide dams
from the work of Struble et al. (2020, 2021) and approximated cali-
brated surface roughness age estimates of 9938 large bedrock landslides
in the Tyee Formation of LaHusen et al. (2020), shown in Fig. 1. Also
shown in Fig. 1 are the expected peak ground accelerations from a suite
of full margin M9.0 CSZ earthquake simulations (Wirth et al., 2021).
Peak ground accelerations range from approximately 0.2-0.6 g across
the OCR, which is sufficient to trigger widespread landsliding where
steep slopes are present, and lines up with a peak in observed coseismic
landslides found in the global record (Tanyas et al., 2017). Though the
Struble et al. (2021) database includes additional landslide dams east of
our study area, we omitted sites where expected shaking is <0.2 g to
focus this study on landslide dams most likely to be triggered by past CSZ
earthquake shaking.

In an effort to locate and date landslides that may have been trig-
gered by the 1700 CSZ earthquake, Struble et al. (2021) identified 226
landslide dams in the OCR (Fig. 1) from 0.91 m (3 ft) resolution lidar
digital elevation models (OLC and DOGAMI, 2022). These landslide
dams include landslide-dammed lakes, previous lakes now filled with
sediment, and partial valley-filling landslides, collectively defined as
‘landslide dams.” To establish age constraints on the mapped landslides,
Struble et al. (2020, 2021) utilized dendrochronology of ghost forests
submerged by landslide-dammed lakes. Interannual variability in tree
ring growth often permits dating landslide dams with subannual accu-
racy, which allows for establishing linkages between dam formation and
known triggering events. Through correlation of ring measurements
extracted from drowned Douglas-fir trees with existing western Oregon
tree ring chronologies, Struble et al. (2020, 2021) dated 22 landslide-
dammed lakes in the OCR, finding that 18 well-dated slides post-date
the 1700 CSZ earthquake. While they observed temporal clustering of
landslides, most notably in the winter of 1889/90, likely corresponding
to major regional flooding in February 1890, no landslide was clearly
linked with the 1700 CSZ earthquake. Three landslide-dammed lakes
have maximum ages (the lack of preserved bark at these sites precluded
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Fig. 1. Landslides and shaking estimates of the Oregon Coast Range. Landslide
dams and ages from subannual dendrochronology (or maximum “C dates
where more precise ages are unavailable) from Struble et al. (2021) shown as
labeled red triangles. Areal density of large bedrock landslides mapped by
LaHusen et al. (2020) shown as filled contours. Expected (median) peak ground
accelerations (PGA) for a M9.0 CSZ earthquake (Wirth et al., 2021) shown in
colored contours.

subannually accurate dating) that pre-date the 1700 CSZ earthquake,
and two of these landslide dates fall within measurement uncertainty of
pre-1700 CSZ earthquakes: Buttermilk Lake (1170-1260 C.E.) poten-
tially corresponds with the third most recent ‘T3’ (868 + 58ybp) event
and Spruce Run Lake (1362-1402 C.E.) with the penultimate ‘T2’
earthquake (552 + 83 ybp; Goldfinger et al., 2012; Struble et al., 2021).
At this time, however, dating uncertainties for both CSZ earthquakes
and landslides preclude a clear linkage between the two.

2.1. Part 1: limits to the 1700 CSZ earthquake landslide dam triggering
rate

To estimate the number of landslide dams that may have been trig-
gered by the 1700 CSZ earthquake, we first assumed that the 226
landslide dams presented by Struble et al. (2021) reflect the total pop-
ulation of landslide dams in the OCR. Second, we considered only the
landslide dam ages of Struble et al. (2020, 2021) that are from 1700 or
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younger (N = 18). Landslide dams with known ages before 1700 (N = 3)
were omitted, as they had already mobilized sufficiently to form a
landslide dam prior to the 1700 earthquake, and any reactivation or
additional movement is not part of the landslide dam triggering and
formation rate we aimed to capture in this analysis. Xu et al. (2021), in
an InSAR analysis of ALOS and ALOS-2 data from 2007 to 2019, found
very few landslides within our study region of the OCR have detectable
movements despite the widespread mapped landslides in the region.
While displacement rates of landslides included in this study could have
changed over time, we assume the lack of present-day movement of
these slides supports the assumption that the date of tree-downing from
lakes closely reflects the triggering event (earthquake or aseismic), and
not a delayed response due to creeping landslides.

Given these assumptions, we set up a Monte-Carlo sampling simu-
lation to estimate possible rates of coseismic landslide dam triggering
given 0 observations of 1700-aged landslides in 18 samples from a total
population of 226 landslide dams. Specifically, for modeled rates of
landslide dam triggering of 0-50 % (0-113 dams in increments of one
landslide dam), we drew 18 samples from the total population of 226
that includes our modeled amount of ‘CSZ 1700 earthquake’ landslide
dams, and recorded if any of the 18 samples contain a ‘coseismic’
landslide dam. For each modeled rate of landslide dam triggering, we
repeated this process 250 times (N¢¢q1), recording the number of samples
(Np) with no observations of coseismic landslide dams. We then
computed the likelihood of observing no coseismic landslide dams for
that modeled rate of landslide dam triggering as:

Nmml - lell
PN:O n Nmm[ (l)

To estimate the uncertainty of these predictions, we repeatedly draw
rounds of 250 samples until we have a total of 10,000 iterations for each
modeled landslide rate to compute a mean, and standard deviation, of
the probability of observing zero 1700 coeval landslide dams.

2.2. Part 2: percent of landslide dams triggered over multiple CSZ
earthquake cycles

In the last 1000 years, onshore and offshore evidence strongly sug-
gest the occurrence of 2-3 great CSZ earthquakes (e.g., Atwater and
Hemphill-Haley, 1997; Kelsey et al., 2002; Witter et al., 2003; Nelson
et al., 2006; Goldfinger et al., 2017; Nelson et al., 2021). To further
leverage the available Struble et al. (2020, 2021) landslide dam datasets
and place constraints on the proportion of coseismic OCR landslide dams
triggered over multiple CSZ earthquakes, we repeated the analysis from
Part 1 (2.1) with two important modifications. First, we used 21
dendrochronology ages of landslide dams from Struble et al. (2020,
2021), which include those that predate the 1700 CSZ earthquake.
While the complete Struble et al. (2020, 2021) databases include 22 ages
of landslide dams, Sunago Lake was omitted from this analysis due to
poor age constraint (four possible ranges covering nearly 200 years).
Second, given the uncertainty in the timing of pre-1700 CSZ earth-
quakes, definitive linkages cannot be made between the older landslide
dams of Struble et al. and existing CSZ earthquake chronologies (e.g.,
Goldfinger et al., 2012; Nelson et al., 2021). Therefore we computed
likelihoods that zero, one, or two CSZ-triggered landslide dams are
observed in a sample of 21 from the total population of 226 dams. This
allowed us to account for the possibility that neither, one, or two of the
older landslide dams were triggered by a pre-1700 CSZ earthquake. As in
Part 1 (2.1), simulations with 0-113 modeled CSZ triggered landslide
dams were repeated for 10,000 iterations to estimate the likelihood of
matching the observed data of Struble et al. (2020, 2021).

2.3. Part 3: percent of bedrock landslides triggered over multiple CSZ
earthquake cycles

LaHusen et al. (2020) mapped 9938 deep-seated bedrock landslides
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in the Tyee and Elkton Formations of the central OCR, shown as density
contours in Fig. 1. Landslides were mapped from 0.91 m resolution (3 ft)
bare-earth lidar topography over an area of 15,000 km?. Only coherent
rotational and translational slides larger than 5000 m? with a minimum
dimension of at least 100 m were included in the LaHusen et al. (2020)
dataset. These large bedrock landslides are consistent with failures that
may occur during great CSZ earthquakes (e.g., Jibson and Tanyas, 2020)
and with the scale of landslides considered in the Struble et al. (2020,
2021) landslide dam studies. LaHusen et al. (2020), expanding on earlier
work linking landslide deposit surface roughness to age (Booth et al.,
2017; LaHusen et al., 2016), used 14 independent age constraints from
14¢C and dendrochronology of bedrock landslides to calibrate an age-
roughness curve for the central OCR. This calibrated age-roughness
curve represents how initially rough landslide deposits smooth over
time and was applied to their full bedrock landslide inventory to
examine spatio-temporal trends in landslide occurrence. LaHusen et al.
(2020) found no significant increase in landslide occurrence near the
times of past large CSZ earthquakes, concluding that more than half the
landslides in their study were triggered by rainfall or other non-CSZ
sources.

While the deep-seated landslide inventory of LaHusen et al. (2020)
lacks the dating precision and closed population of the first two phases
of this study, its large size and position in the central OCR are used to
place an independent constraint on coseismic landslide triggering dur-
ing large CSZ earthquakes. Moreover, this dataset is not confined to
landslide dams, but includes all deep-seated rotational and translational
landslide deposits. LaHusen et al. (2020) developed a method to esti-
mate the relative contributions from uniform ‘background’ landslide
triggering and pulses of coseismic landslides by generating synthetic
landslide inventories. However, LaHusen et al. (2020) only considered
coseismic rates of landslide triggering of 0, 50, and 100 %. Here we
reanalyze the LaHusen et al. (2020) landslide chronology using an
updated methodology to assess the goodness of fit between coseismic
triggering rates from O to 50 % and the observed data, allowing for a
more thorough assessment of bedrock landslides in the OCR.

Following LaHusen et al. (2020), we generated synthetic landslide
inventories and compared them to the observed age-roughness distri-
bution of bedrock landslides in the central OCR. The purpose of this
analysis is to account for uncertainty in the roughness-dating technique
to estimate the range of coseismic landslide triggering rates that are
consistent with the data. Unlike the precise nature of dendrochronology,
landslides of the same age may have different roughness values, which
introduces error when using roughness as a proxy for age. Synthetic
landslide inventories allow us to account for this error by incorporating
variance in roughness values for landslides of the same age, like those
that may occur simultaneously during a large CSZ earthquake. Synthetic
landslide inventories were generated in a 6-step process, described in
more detail below as: (1) Calibrate an age-roughness regression with
available landslide ages that predicts how landslide roughness decreases
over time, (2) compute and remove preservation bias effects from the
observed inventory, (3) generate uniform counts of ‘background’ land-
slides ages (landslides not triggered by earthquakes) as samples from
random-normal roughness distributions for each model timestep, (4)
generate pulses of coseismic landslides as samples from random-normal
roughness distributions at dates of known earthquakes, (5) combine the
products of steps 3 and 4 and impose the preservation bias computed in
step 2, (6) repeat 3-5 for all modeled coseismic landslide triggering
rates.

From LaHusen et al. (2020), bedrock landslide age in the central OCR
can be expressed as:

age = 1.428%10 *¢ 0176 @)
where r is landslide deposit roughness as measured by a 20 m scale two-

dimensional continuous wavelet transform from a lidar digital elevation
model, and age is in years before 2019 (to avoid negative ages being
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assigned to post-1950 historical landslides). Assuming constant rates of
background landslide triggering through time, changes in the observed
long-term rates of landslide age-frequency were interpreted as a pres-
ervation bias by LaHusen et al. (2020). This preservation bias, refit as a
best-fit 2nd order polynomial to the observed landslide age-frequency
distribution was described as:

R(t) = 4.03 — 0.0041 +2.0%10 "% 3)

where t is time in years and R is the annual rate of landslide triggering.
This trend in the age-frequency curve (preservation bias) was then
normalized to the most-recent time period and removed from the
observed landslide counts to estimate the expected total number of deep-
seated landslides in the central OCR in the last 1000 years. For each
modeled rate of CSZ coseismic landslide triggering (0-50 % in 0.25 %
increments), the total number of landslides in the past 1000 years is
partitioned into background and coseismic counts, uniformly distrib-
uted across modeled earthquake dates and 50-year time steps respec-
tively. For each time step, or earthquake date, modeled landslides are
sampled from a random-normal distribution of roughness given by
rearranging Eq. (2) for a specific age and standard deviation of rough-
ness (8.4 * 10’4m’1) from LaHusen et al. (2020). LaHusen et al. (2020)
computed the standard deviation of roughness from a set of similarly-
aged landslides in the OCR (with estimated ages near 1700 C.E.).
Landslide ages were then calculated via Eq. (2) for the combined
background and coseismic synthetic inventories to compute a modeled
age-frequency distribution of landslides. For each modeled rate of CSZ
coseismic landslide triggering, 1000 iterations of synthetic landslide
inventories were generated to compute a mean age-frequency
distribution.

3. Results

The results of Part 1 (2.1), where we estimate the range of landslide
dams trigged by the CSZ 1700 earthquake, are shown in Fig. 2. For each
number of modeled CSZ-triggered landslide dams, Fig. 2 shows the
likelihood of observing zero coseismic landslides, given a dataset of 18
known ages from 226 total landslide dams. Highlighted values in Fig. 2
mark the 50, 25, 10, and 5 % likelihood levels of matching the observed
record, and reflect the median, and various thresholds that could be
adopted as likely (25 %), possible upper limit (10 %), and an even higher
upper bound (5 %). These values imply that, of the 226 observed dams in
the OCR, 8, 16, and 26 dams could have been triggered by the 1700 CSZ
earthquake for the 50 %, 25 %, and 10 % likelihood cases, respectively.
Higher counts of modeled coseismic landslide dams (i.e., 25-50 % of all
landslide dams) are not shown in Fig. 2 as the computed likelihoods are
~0 %. Given zero of the 18 considered landslide dam ages match the
1700 earthquake from a total of 226 landslide dams, we estimate the
possible upper limit to total fraction of landslide dams caused by the
1700 earthquake is ~12 % (26 landslide dams).

In Part 2 of our analysis (2.2), we define the likely range of coseismic
landslide dam triggering as the 10th — 90th percentiles of simulation
results that match the dendrochronology landslide dam ages of Struble
etal. (2020, 2021). This range was selected as a conservative estimate of
possible ‘true’ rate of coseismic landslide triggering as it captures the
central 80 % of the simulations that match the available dendrochro-
nology data while still reflecting differences between different scenarios.
We also defined the upper limit of expected coseismic landslide dam
triggering to be the 90th percentile of a given scenario. Additionally, we
defined the most-likely rates of coseismic landslide dam triggering as a
range from the 25th — 75th percentiles of the simulation results that
match the observed record.

Fig. 3 shows the results of Part 2 of our analysis (2.2) of the longer
multi-earthquake chronology of Struble et al. (2020, 2021), where 0-2
dated landslide dams may have been triggered by CSZ earthquakes prior
to 1700. Fig. 3 shows the 10th — 90th percentiles (possible range of true
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quake for 50, 25, 10, and 5 % likelihood given zero
‘true’ observations in 18 samples of 226 total land-
slide dams (Struble et al., 2020, 2021).
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Fig. 3. Expected likelihoods of observing zero, one, or two CSZ earthquake-triggered landslide dams from 21 samples of 226 total landslide dams (Struble et al.,
2020, 2021). Light shaded regions show the 10 — 90th percentiles of simulations matching the Struble et al. datasets assuming 0-2 true CSZ coseismic observations
and corresponding total percent of coseismic landslide dams. Darker shaded regions show the same information for the 25 — 75th percentiles.

landslide triggering) and 25th — 75th percentile (most likely range) of
simulations that match the null result of Struble et al. (2020, 2021) and
ranges of CSZ earthquake dates (c.f. Walton et al., 2021). Given the

available CSZ earthquake and landslide dam age data, this analysis
covers the past 1000 years in the OCR, spanning 2-3 great CSZ earth-
quakes (Goldfinger et al., 2012; Nelson et al., 2021). Assuming both
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overlaps in ages between CSZ earthquakes and landslide dams are evi-
dence for true coseismic-triggering relationships, our predicted overall
fraction of coseismic landslide dams rises to 5-22 %. Simulations where
neither, or just one, of these landslide dams were triggered by CSZ
earthquakes yield possible ranges of 0-9 %, or 2-15 %, respectively, of
all OCR landslide dams may be earthquake-triggered. Combining, the
average of these three scenarios gives a possible range of 2-15 % of all
landslide dams in the OCR were triggered by CSZ earthquakes.

Results for Part 3 of this study (2.3), where synthetic landslide in-
ventories were generated to measure goodness of fit to the observed
record of LaHusen et al. (2020) are shown in Fig. 4 for coseismic trig-
gering rates of 0, 5, 10, 25, and 50 %. Coseismic triggering rates from
0 to 50 % in 0.25 % increments were run but only a small subset of these
results are shown to illustrate the results in Fig. 4. We calculated the fit
of each synthetic scenario to the observed age-frequency landslide data
of LaHusen et al. (2020) as root-mean-square-error (rmse), and coeffi-
cient of determination (r%). Synthetic results match observed landslide
age-frequency most closely for modeled coseismic triggering rates of
0-9.5 % (r2 > 0.95, rmse remains near minimum, inset Fig. 4). The fit to
observed data remains very good (r2 > 0.9) for coseismic triggering rates
up to 12 %. We repeated this analysis for the Nelson et al. (2021) Cas-
cadia earthquake chronology, where two ruptures (1700 and ~1160)
are modeled in the last 1000 years. In this scenario, the observed dis-
tribution of landslides is well explained >0.9) by coseismic landslide
triggering rates of 0-12 %. Coseismic triggering rates consistent with
this threshold of r? > 0.9 across both CSZ earthquake chronologies were
adopted as a preferred solution to the available data (0-12 % coseismic
landslide triggering).

4. Discussion

Through repeated simulation of the observed dendrochronology re-
cord of landslide dams in the Oregon Coast Range, we estimate the
possible range of OCR landslide dams triggered by the 1700 CSZ
earthquake is 0-12 % (0-26), shown in Fig. 2. While uncertainty in the
exact dates of pre-1700 CSZ earthquakes prevent definitive linkages
between the timing of landslide dam triggering and CSZ earthquakes, we
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estimate a possible overall percent of coseismic landslide dams in the
OCR of 0-22 % (Fig. 3) given the 0-2 existing observations of CSZ
earthquake-triggered landslide dams in the past 1000 years (Struble
et al.,, 2020, 2021). Limits on coseismic landslide triggering from the
landslide-dammed lake dendrochronology record agree with patterns of
large bedrock landslides in the Tyee and Elkton Formations of the cen-
tral OCR mapped and dated by LaHusen et al. (2020), where the
observed time-frequency distribution of landslides is best modeled by
synthetic landslide inventories composed of 0-12 % CSZ earthquake-
triggered landslides (Fig. 4). Taken together, we estimate the total
fraction of large CSZ earthquake-triggered landslides in the OCR to be
0-15 %, with lower ranges possible for individual (e.g., the 1700)
earthquakes. While it is still possible no landslide dams or large bedrock
landslides in the OCR have been triggered by great CSZ earthquakes, our
results show that tens of landslide dams, and over a thousand large
landslides triggered during CSZ earthquakes may exist and would still be
consistent with the observations of LaHusen et al. (2020) and Struble
et al. (2020, 2021).

To model how future high-precision (e.g., dendrochronology) land-
slide ages could affect our interpretations of CSZ landslide dam trig-
gering rates, we repeated our analyses for hypothetical datasets of 25 to
50 total dated landslide dams. In this imagined expanded dataset of
landslide dam ages, we allow for up to five matches to CSZ earthquake
ages, assuming for the purposes of this exercise that coeval dates imply
coseismic landslide dam triggering. For each new landslide dam chro-
nology dataset, we compute the probability of matching 0-5 observa-
tions of CSZ coeval landslide dam ages following the same methodology
as in Section 2.2. Plotted in Fig. 5 are the results of this suite of simu-
lations, where each line is the distribution of likelihoods of matching 0-5
CSZ coeval samples given 25-50 known landslide dam ages. In all sce-
narios, increasing the number of well-constrained ages decreases the
uncertainty of our estimates of coseismic triggering of landslide dams. In
the extreme case, if we assume that the two existing ages overlapping
with pre-1700 CSZ earthquakes are coseismic and that the next three
landslide dam ages correspond with CSZ earthquakes (five matches in 25
ages), then our upper estimate on the overall percent of landslide dams
triggered by CSZ earthquakes would rise to just under a third (32 %).
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Fig. 4. Observed landslide rates for the past 1000 years (dashed black line, 16 uncertainty in gray) and synthetic landslide inventories for total coseismic landslide
triggering rates of 0-50 %. Synthetic inventories were constructed from background rates computed from the observed record and pulses of landslide triggering at
inferred dates of full-margin CSZ earthquakes (Goldfinger et al., 2012, marked by red lines).
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Fig. 5. Likelihood of observing exactly 0, 1, 2, 3, 4, or 5 coseismic landslide dams given models where 0-40 % of all landslide dams were triggered by CSZ

earthquakes for 25-50 high-precision landslide dam ages.

Given the paucity of observations to date, a likely upper bound on the
total percent coseismic landslide dams may be approximately 6-18 % in
the case of finding 0-3 CSZ triggered landslide dams in the next ten high-
precision ages. While these results don't exclude the possibility that
many existing landslide dams were triggered during the last great CSZ
earthquake, the effect of finding some coeval dates in the landslide-
dammed lake record would not cause major shifts in implied rates of
coseismic triggering. However, additional work to date landslides in the
OCR and elsewhere in the CSZ would still have significant impacts. First,
future landslide dam ages associated with the 1700 or older earthquakes
would have the fundamental impact of removing the possibility that
zero of these landslides are coseismic. Second, CSZ earthquake coeval
dates will allow modeling of the shaking intensities at these sites to
constrain past shaking estimates. Third, all new ages of OCR landslide
dams (CSZ coeval or not) reduce the uncertainty in past coseismic
landslide triggering rates and better constrain estimates of future im-
pacts of CSZ earthquakes.

In part 3 of the analysis (2.3), we did not consider uncertainty in the
date of pre-1700 earthquake occurrence. This simplification should not
significantly affect our results, as the variance of landslide roughness for
a specific age used in the modeling is much larger than the reported
variance in age estimates for CSZ earthquakes, especially for the 1700
Cascadia earthquake, which is known with high confidence. The insig-
nificance of including uncertainty in earthquake dates is demonstrated
by the comparison of the Goldfinger et al. (2017) (3 earthquakes in the
last 1000 years) and Nelson et al. (2021) (two earthquakes chronolo-
gies), where even including a different number of earthquakes does not
significantly impact our results. The insensitivity to pre-1700 CSZ
earthquakes in this methodology is shown in Fig. 4, where even in the
50 % coseismic landslide model, no discernible spike in landslide ages is
seen around the circa 859 ybp earthquake. We also assume that any
possible coeval ages between CSZ earthquakes and landslides implies a
triggering relationship. The impact of this assumption implies our re-
sults are an upper limit to the true rates of coseismic landslide triggering,
as landslide dams, or bedrock landslides, triggered by aseismic sources
in the same year as a CSZ earthquake would be counted in our analysis as
coseismic. However, slow moving landslides initiated by a past CSZ
earthquake and forming a landslide dam, or stable deposit decades after
the earthquake event are not included in this study due to our inability

to assess the seismic origin of a landslide postdating known slides. While
we assume this is a negligible effect in this dataset given the findings of
Xu et al. (2021) that few landslides in the portion of the OCR we
investigate are moving in the recent past, there may be landslides
identified as aseismic in this study that had some degree of mobilization
during some past CSZ earthquake.

We note the potential limits on coseismic landslide triggering
modeled in this work are affected by the selection of landslide type and
particular study region, preservation bias of young landslides, and
modeling of past CSZ earthquake ages. Given the preponderance of
landslides and relatively high rates of modern non-seismic triggering in
the OCR, we expect a preservation bias toward younger deposits due to
older landslides being eroded, covered by new landslides, or remobi-
lized. Similarly, progressive decay of the ghost forests utilized by Struble
etal. (2020, 2021) may introduce an additional preservation bias, where
younger lakes with intact trees are more likely to be accurately dated.
While preservation bias is accounted for in the modeling of synthetic
landslide inventories, it reduces the likelihood of observing older,
potentially coseismic, landslide deposits and may reduce our implied
longer-term rates of Cascadia landslide triggering. However, estimates
of landslide dam rates during the 1700 CSZ earthquake are relatively
insensitive to the total population of landslide dams used in the initial
phase of this work (e.g., using a total landslide dam population of 251
[25 additional landslide dams] shifts our upper bound estimate from 26
to 29 coseismic landslide dams), so the preservation of older landslide
dammed lakes should not significantly affect our findings. Moreover,
there is ample evidence for the preservation of very old (>40,000 ybp)
bedrock landslides and dams in this landscape (Almond et al., 2007;
Hammond et al., 2009; Roering et al., 2005). Our limited focus on
landslide dams and deep-seated bedrock slides in the OCR omits addi-
tional candidate 1700 landslides that lack the dating precision and
known total population of the OCR landslide dams (e.g., shallow slides)
or that fall outside of our study region. However, landslides outside the
OCR, like those along coastal bluffs (Schulz et al., 2012) and in the
Olympic Mountains (Leithold et al., 2018), may reveal different
coseismic sensitivity or along-strike variability during past CSZ earth-
quakes meriting further study. Additionally, shallow soil slides, often the
most common type of landslide triggered by earthquakes (e.g., Keefer,
1984) were not considered in this study as they are unlikely to form
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stable dams or meet the mapping criteria of LaHusen et al. (2020). These
smaller, but potentially more numerous, coseismic landslides are likely
unmappable at present due to natural and human changes to the land-
scape, but they may be preserved in lacustrine records of sedimentation
(e.g., Richardson et al., 2018).

Using our upper bound estimate for coseismic landslide triggering,
~2400 large landslides (12 % of the ~20,000 mapped landslides) could
occur just within the OCR during a single CSZ earthquake. This estimate
of single-earthquake coseismic landslide triggering in the OCR is com-
parable to what was observed in well-documented landslide inventories
from the 2011 Tohoku, Japan (Wartman et al., 2013), 2010 Maule, Chile
(Serey et al., 2019), and 2007 Pisco, Peru (Lacroix et al., 2013) mega-
thrust earthquakes, where hundreds to a few thousand landslides were
mapped over the entire subaerial regions affected by strong shaking.
Much higher estimates of landsliding from the 1964 M9.5 Great Alaska
Earthquake where over 10,000 landslides may have been triggered by
strong shaking, including highly destructive large deep-seated slides in
Anchorage (Keefer and Wilson, 1989), may provide an upper limit on
potential Cascadia-wide landslide triggering. While no landslides trig-
gered by the 1700 CSZ earthquake have been conclusively identified in
the OCR, our analysis of the available data do not require slow CSZ
ruptures deficient in landslide-triggering, high-frequency energy as
some have interpreted from offshore geomorphology (McAdoo et al.,
2004) or otherwise weak shaking interpreted from paleoliquefaction
(Obermeier, 1995).

5. Conclusions

To date, no precisely dated landslides attributable to earthquakes on
the Cascadia Subduction Zone have been identified. However, a lack of
recorded deep-seated landslides in the historical (~100 year) record has
previously led to speculation that many or all large landslides in the
Oregon Coast Range were triggered by past Cascadia megathrust
earthquakes. To test this assumption, we used high-precision dendro-
chronology dates of landslide dammed lakes in the Oregon Coast Range
and a large inventory of landslides dated via topographic roughness to
place constraints on the percentage of landslides triggered by individual
great Cascadia Subduction Zone earthquakes. Despite no current land-
slide dating to the last great Cascadia earthquake in 1700, the available
record of 18 high-precision dates from a total of 226 landslide dams in
the Oregon Coast Range (Struble et al., 2020, 2021) permit scenarios
where up to 12 % of all landslide dams were triggered during the 1700
earthquake. Longer-term rates of coseismic landslide dam formation
from landslide ages that overlap with the past two-three great Cascadia
Subduction Zone earthquakes suggest that up to 22 % of all landslide
dams may be triggered by earthquakes over multiple seismic cycles in
the past ~1000 years. Simulations of synthetic landslide inventories,
which constrain possible coseismic landslide triggering contributions to
the observed temporal distribution of landslides in the central Oregon
Coast Range (LaHusen et al., 2020), yield an estimated upper bound of
~12 % of all large bedrock landslides that may have been triggered by
Cascadia Subduction Zone earthquakes across multiple earthquake cy-
cles. Taken together, we estimate up to 15 % of all large (bedrock and
dam forming) landslides currently found in the Oregon Coast Range may
have been triggered by CSZ earthquakes in the past millennium, with
smaller rates of landsliding expected during individual Cascadia Sub-
duction Zone earthquakes. These findings greatly refine the conclusions
of LaHusen et al. (2020), who suggested rainfall triggers the majority of
deep-seated bedrock landslides in the OCR. While our findings suggest
just a minority (0-15 %) of all landslide dams or large bedrock landslides
in the Oregon Coast Range were directly triggered by recent Cascadia
Subduction Zone earthquakes, the hazard and risk posed by the wide-
spread triggering of up to thousands of deep-seated landslides, some of
which would likely dam streams, remains significant. Future geochro-
nology and modeling work to constrain coseismic landslide timing and
triggering in Cascadia could reduce the uncertainty in the estimates we
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present here and help to identify portions of the landscape beyond the
Oregon Coast Range most susceptible to the secondary hazards of a
future Cascadia Subduction Zone earthquake.
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