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ABSTRACT

Earthquake-induced landslides can record information about the seismic shaking that gen-
erated them. In this study, we present new mapping, Light Detection and Ranging-derived
roughness dating, and analysis of over 1000 deep-seated landslides from the Puget
Lowlands of Washington, U.S.A., to probe the landscape for past Seattle fault earthquake
information. With this new landslide inventory, we observe spatial and temporal evidence
of landsliding related to the last major earthquake on the Seattle fault ~ 1100 yr before
present. We find spatial clusters of landslides that correlate with ground motions from
recent 3D kinematic models of Seattle fault earthquakes. We also find temporal patterns
in the landslide inventory that suggest earthquake-driven increases in landsliding. We
compare the spatial and temporal landslide data with scenario-based ground motion mod-
els and find stronger evidence of the last major Seattle fault earthquake from this com-
bined analysis than from spatial or temporal patterns alone. We also compare the landslide
inventory with ground motions from different Seattle fault earthquake scenarios to deter-
mine the ground motion distributions that are most consistent with the landslide record.
We find that earthquake scenarios that best match the clustering of ~ 1100-year-old land-
slides produce the strongest shaking within a band that stretches from west to east across
central Seattle as well as along the bluffs bordering the broader Puget Sound. Finally, we
identify other landslide clusters (at 4.6-4.2 ka, 4.0-3.8 ka, 2.8-2.6 ka, and 2.2-2.0 ka) in the
inventory which let us infer potential ground motions that may correspond to older Seattle
fault earthquakes. Our method, which combines hindcasting of the surface response to the
last major Seattle fault earthquake, using a roughness-aged landslide inventory with fore-
casts of modeled ground shaking from 3D seismic scenarios, showcases a powerful new
approach to gleaning paleoseismic information from landscapes.

The Paez earthquake was an M,, 6.4 earthquake that triggered
a large debris flow, which killed ~1100 people (Forero-Duenas,
1996). The M,, 7.4 Ardebil earthquake caused multiple land-
slides, some of which covered entire villages (Ishihara et al.,
1992). Earthquake-induced landslides can also set in motion
an extended chain of surface processes and hazards, including
persistent landslides and debris flows, dammed rivers, sedi-
ment aggradation, and floods in the days, months, and years

KEY POINTS

® landslide clustering can record past earthquakes but
requires known timing of a landslide inventory.

® New estimated landslide timing and modeled ground
motions together reveal past Seattle fault earthquakes.

® This approach demonstrates a means to extract informa-
tion on past earthquakes directly from landslide history.
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INTRODUCTION

Strong ground motions from large earthquakes have long been
known to trigger widespread landsliding (e.g., Keefer, 1984;
Jibson and Keefer, 1993; Malamud et al., 2004) that in some
cases causes more economic destruction and human loss of life
than from the primary earthquake shaking. Notable examples

include the 1994 Paez, Colombia (Forero-Duenas, 1996) and
1997 Ardebil, Iran (Bird and Bommer, 2004) earthquakes.
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following the initial seismic event (Fan et al., 2019). Despite
recent advances in our understanding of earthquake-induced
hillslope failures, important questions remain regarding their
expected number, size, distribution, and failure styles (e.g.,
Meunier et al., 2008; Marc et al, 2016; Croissant et al.,
2019; Valagussa et al., 2019; Medwedeft et al., 2020), as well
as the longer term effects on hillslope geomorphology and sedi-
ment transport (e.g., Wartman et al, 2013; Croissant et al.,
2019; Campforts et al., 2020; Francis et al., 2022).

Landslide properties, such as location and volume, are
often coupled to the ground motion characteristics of the
related earthquake (e.g., Jibson, 1985). Thus, studies of
earthquake-induced landslides can also yield important paleo-
seismic information of past earthquake shaking (Jibson, 1996).
One useful method for looking for past earthquake-induced
landslides is by finding a cluster of related landslides in space
and time (Crozier et al., 1995). More recent studies suggest that
the distribution of these landslide clusters can reveal patterns
about where and when earthquake-induced landslides tend to
occur in an area, as well as the seismic properties of the earth-
quake (Tanyas et al., 2018; Wang et al., 2020; Rasanen and
Maurer, 2021). For example, Rasanen and Maurer (2021) pro-
pose a statistical approach that inverts probabilities of rupture
location and magnitude from regional landslide evidence.
Models of hillslope failures based on predictions of ground
shaking intensity from 3D earthquake simulations (Allstadt
et al., 2013; Grant, 2017; Pollock et al., 2019) may also yield
insights into paleoseismic rupture parameters, especially when
compared with patterns in documented landslide inventories.

Many of these approaches are improved as the number of
landslides with an estimated age in an inventory increase.
However, it is difficult to estimate the age of many landslides
in a large inventory, and thus when studies of landslide geochro-
nology (e.g., Aylsworth et al., 2000; Brooks, 2013) are effective,
these studies have also been somewhat few, especially the further
back in time the earthquake occurred. Moreover, although it is
increasingly common to develop a landslide inventory following
a modern earthquake in locations where seismometers charac-
terize the ground motions and earthquake properties (e.g.,
Tanyas et al., 2018), it is much less common and more difficult
to identify the cause of prehistoric landslides. Attempts at tying
past landslides to seismic triggers typically involve geochrono-
logical dating that shows the landslide and earthquake were
coincident, or slope stability models demonstrating that the
landslide would never have failed unless there was seismic forc-
ing (e.g., Jibson, 1996; Schulz et al, 2012). This difficulty of
studying older earthquake-induced landslides means that
although we have a better understanding of earthquake-induced
landslides in areas with large recent earthquakes (e.g., Aylsworth
et al., 2000; Brooks, 2013), other areas with infrequent earth-
quakes remain ambiguous.

In this article, we use the spatial and temporal patterns of
landslides in the greater Seattle, Washington area of the
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United States to better understand past earthquakes on the
Seattle fault zone (SFZ), a crustal fault that ruptures through
this region. First, we present a newly mapped deep-seated
landslide inventory of the Puget Lowland of Washington, a
well-populated region that includes the city of Seattle and
is notorious for landslide susceptibility and multiple drivers
of hillslope instability (Tubbs, 1974; Coe et al., 2004; Baum
et al., 2005; Schulz, 2007; Harp et al., 2008; Davis et al.,
2022). Next, we apply a recently established method to esti-
mate the ages of these landslides based on their surface rough-
ness (LaHusen et al., 2016; Booth et al., 2017; LaHusen et al.,
2020). This method permits rapid assessment of the timing
of thousands of deep-seated landslides on a regional scale.
With this landslide inventory, we assess spatial and temporal
landslide clustering as evidence of the last major Seattle
fault earthquake, which ruptured to the surface around
1050-1020 cal B.P. (Bucknam et al, 1992; Atwater, 1999;
Sherrod, 2001; Nelson et al., 2014). We then compare this
clustering with a suite of simulated M,, 7.0 earthquakes on
the Seattle fault (Stone et al., 2022) to explore possible earth-
quake characteristics, including regions of strong ground
motion, based on the landslide record.

PUGET LOWLAND STUDY AREA AND
BACKGROUND

Seattle and the surrounding area lie within the Puget Lowlands
of Washington, US.A. (Fig. 1), a region where landslides
pervade the landscape (Laprade et al, 2000; Washington
Geological Survey, 2020). High regional landslide susceptibility
stems from the many steep slopes underlain by weak glacial
material (Tubbs, 1974; Schulz, 2007; Perkins et al, 2017), a
wet maritime climate, proximity to earthquake-producing faults,
and human activity. Compilations of historical landslides
(Laprade et al, 2000; Washington Geological Survey, 2020)
show a predominance of precipitation-induced landslides in this
region. Recorded landslides have been paired with complemen-
tary precipitation data to estimate rainfall and soil moisture con-
ditions that lead to shallow slope failures in Seattle (Baum et al.,
2005; Godt et al., 2006). New Bayesian modeling of landslide
inventories indicates that the highest probability of precipita-
tion-induced landslides occurs on January or February, just after
the annual precipitation peak (Luna and Korup, 2022).

In contrast to precipitation-induced landslides, earth-
quake-induced landslides are much less frequent or predictable
in this area. In fact, no large (>M,, 5) earthquakes on surface
faults in the Puget Lowlands have happened during the modern
record (1900-2023). The few earthquakes that have occurred in
the historical record (1900-2023) were deep intraslab earth-
quakes with strong, but not severe, ground motions (peak
ground velocity [PGV] <50 cm/s, see Data and Resources).
The most recent of these was the 2001 M,, 6.8 Nisqually earth-
quake that induced few landslides in the region (Highland,
2003). However, significantly more landslides are expected for
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Figure 1. Shaded-relief map of the Puget Lowlands, highlighting the study area. The black outline shows the region
of mapped landslides, shown in Figure 2, and the red lines are mapped active faults (see Data and Resources). TFZ
is the Tacoma fault zone, SFZ is the Seattle fault zone, and SWIFZ is the southern Whidbey Island fault zone. Inset
map shows location in Washington State, U.S.A., and relation to the Cascadia Subduction Zone (CSZ) in red. The

color version of this figure is available only in the electronic edition.
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- Lowlands (Johnson et al,
1999; Blakely et al, 2002;
Fig. 1). The locations, orienta-
tions, and dip of SFZ splays
are poorly constrained (e.g.,
Pratt et al, 1997; Johnson
et al, 1999; Brocher et al,
2001; ten Brink et al, 2002;
Moore et al., 2022). The three
main fault strands of the SFZ
are blind (Johnson et al,
1999; Blakely et al., 2002); how-
ever, secondary backthrusts
within the hanging wall of the
main structure break the sur-
face, forming Holocene fault
scarps (Nelson et al, 2003,
2014; Kelsey et al, 2008). The
current best estimate, derived
from dendrochronology, of
the last major SFZ earthquake
is that it occurred in the winter
of 1093-1092 yr B.P. (Black
et al, 2023) and had an esti-
mated magnitude of 7-7.5
(ten Brink et al, 2006, Styron
and Sherrod, 2021). This earth-
quake triggered regional uplift
(Bucknam et al, 1992) and a
tsunami in the Puget Sound
(Atwater and Moore, 1992).
The SFZ also had at least one
more recent earthquake, and
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M,,~9 Cascadia subduction zone (CSZ) earthquakes, and more
still from ruptures near the surface on crustal faults (Grant,
2017). Here, we focus on the Seattle fault (also known as
SFZ), a crustal fault zone running through the City of Seattle
(Fig. 1) with a recurrence interval for a full rupture on the
SFZ of longer than 6500 yr (Sherrod et al, 2000). Other earth-
quakes recorded with paleoseismic data in the SFZ occur more
frequently and are still large enough (M,, 6.5-7) to induce land-
sliding (Nelson et al., 2003, 2014; Karlin et al., 2004). The SFZ is
one crustal fault of several in the Puget Lowlands fault inventory
that also includes the southern Whidbey Island fault (Johnson
et al., 1996, 2004; Sherrod et al., 2008) to the north and the
Tacoma fault (Brocher et al, 2001; Sherrod et al, 2004) to
the south (Fig. 1).
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possibly several others. Nelson
et al. (2014) identified earthquake “NE” at 940-380 cal B.P.
and Angster et al (2022) identified earthquake “RH2” at
<530 cal B.P. These earthquakes were likely only partial ruptures
and were smaller than the earthquake that occurred ~1000 yr
ago. In the last 4000 yr, the SFZ has also had at least three older
earthquakes: earthquake “RH1,” ~1330 cal B.P. (Angster et al.,
2022), earthquake “NC,” 1310-1200 cal B.P. (Nelson et al., 2003,
2014) and earthquake “NB,” 2650-1940 cal B.P. (Nelson et al.,
2003, 2014). These earthquakes likely had magnitudes around
M, ~7 (Nelson et al., 2003, 2014).

Landslide deposits within Lake Washington (Jacoby et al.,
1992; Karlin et al., 2004), as well as within the Olympic moun-
tains to the west (Schuster et al., 1992), along with oral histories
of SFZ-associated ground failures (Ludwin et al, 2005),

www.bssaonline.org Volume 114 Number 2 April 2024

Downloaded from http://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/114/2/1084/6338589/bssa-2023079.1.pdf?casa_token=3HOXiSUj6KUAAAAA:tmI6tWwpBBgMVB-kBcojSIvpN7LM18huqg_MVIOVJTCI7plchfw-M4fin5UzcPgaH
bv lniversity of Washinaton vser



L Norway Hill

No data

A

Schmltz i ,/J 20
- ' dein %y
,vIssaquah;,f

\\’

".’ﬁo
Q
f=
: T

L%

Puget Sound
o

e

v¢ Dated benchmark landslides
* Mapped landslides
Bedrock and nonglacial sediment
Glacial and modern sediment

0 2 4 8 12 16 oy ¥
N N — km { :

Figure 2. Landslide inventory maps. (a) Light Detection and Ranging (lidar) hillshade map with all mapped deep-
seated landslides from this study as circles and benchmark (dated) landslides as stars. The map is colored based on
1993). (b) Lidar hillshade map with a
subset of mapped landslide areas colored by roughness-based age. See panel (a) for location. (c) Roughness map
showing landslide toe and scarps of a benchmark landslide. Radiocarbon sampling locations are numbered and
shown with stars; corresponding mean ages are in a table in the top right corner. See panel (b) for location. The

whether the surface geologic unit is glacial, modern, or bedrock (Yount et al.,

color version of this figure is available only in the electronic edition.

limited information about the
timing or cause of the thou-
sands of discrete, deep-seated
landslide deposits that exist
within the landscape. By map-
ping, dating, and characteriz-
ing spatial patterns of the
deep-seated landslides, we
improve our understanding
of the distribution of earth-
quake-induced landslides
in the area. In addition, we
compare our landslide inven-
tory with a new suite of SFZ
earthquake scenario simula-
tions (Stone et al, 2022), to
assess  possible earthquake
properties of past earthquakes
on the SFZ.

METHODS

Landslide mapping and
dating

Using high-resolution (1 m)
Light Detection and Ranging
(lidar) data (see Data and
Resources), we mapped over
1000 deep-seated landslides
in the Puget Lowlands area
(Fig. 2, Table S1, available in
the supplemental material to
this article). Throughout the
rest of this article, when we
refer to landslides from this

implicate a strong landscape response to earthquakes in the
region. The full impact of earthquake-induced ground shaking
on hillslopes from past SFZ earthquakes; however, remains
poorly resolved. Allstadt et al. (2013) modeled where future
landslides might occur using a single scenario SFZ earthquake
simulation. This work was useful for revealing how site and
basin amplification may control where earthquake-induced
landsliding occurs in the Seattle area, leading to increased land-
slide rates in the Seattle basin and in areas with unconsolidated
sediments. They also found that higher ground saturation
(100% versus 0% saturation) would lead to about an order
of magnitude more landslides.

Using a similar methodology, Grant (2017) analyzed the hill-
slope response to simulated CSZ megathrust earthquakes and
found that an earthquake on the SFZ would likely cause more
landslides in the Seattle area than a CSZ earthquake.

The findings of Allstadt et al. (2013) and Grant (2017) have
yet to be vetted against a record of past landslides due to
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inventory, we are specifically
referencing deep-seated landslides, those in which the
slide plane lies below the roots of trees. Such deep-seated
landslides are often categorized as rotational or compound
landslides using the classification system of Hungr et al
(2014). Landslide deposits were mapped from bare-earth
lidar imagery based on the presence of headscarps, many
of them arcuate, upslope of hummocky terrain (Fig. 2).
Previous mapping by Washington Geological Survey geolo-
gists was used as a reference point (Washington Geological
Survey, 2020). Lidar data were used to calculate properties
of these mapped landslides, such as height (from headscarp
to deposit toe) and length of the landslide. Field observations,
including stratigraphy and morphology assessments at some
of the landslides, confirmed the accuracy of the remote map-
ping. Field observations were combined with lidar-based
mapping to create detailed morphology maps of a selection
of benchmark landslides that were dated using radiocarbon
ages (Fig. 2¢).
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Figure 3. Age-roughness relationship for the Puget Lowlands. Previous data
from the North Fork Stillaguamish Valley (Booth et al., 2017) are shown as
triangles and new data from landslides from the Seattle region of the
Puget Lowlands (this study) are shown as circles. The exponential fit to
data from both datasets is plotted as a black line with the shaded area
indicating uncertainty on this fit (95% confidence bounds). Uncertainty
was calculated by varying input data based on their error and refitting the
exponential fit, the gray area then shows where 95% of these functions
cover.

To provide age information for our full catalog of landslides,
we applied a recently developed method based on the age-cali-
brated roughness of landslide deposits (LaHusen et al., 2016;
Booth et al., 2017). The premise behind this method is that the
ground surface roughens significantly from mass movement.
As a result, landslide deposits exhibit their highest roughness
just after failure and smooth by diffusive hillslope processes
over time (e.g., Fig. S1). This smoothing can be modeled
as an exponential age-roughness relationship (Fig. 3).
Calibrating this relationship for the field site requires measured
roughness values for each landslide deposit and several bench-
mark landslides of known age. The lidar we used was collected
in 2016, so here this roughness method provides an age before
2016. For this reason, when analyzing and discussing landslide
timing within this article, we use yr B.P. starting at 2016.

Following Booth et al. (2017), we measured landslide
roughness using a 15 m Ricker wavelet (Ricker, 1943) trans-
form, often known as a “Mexican hat” wavelet, on the lidar
elevation data of the landslide deposit (Booth et al., 2009,
2017; LaHusen et al. 2020). This wavelet was scaled so that
it measures topographic curvature as a function of length scale
(Kumar and Foufoula-Georgiou, 1997; Lashermes et al., 2007;
Booth et al., 2017). We used a 15 m scaled wavelet based on
work by Booth et al. (2017) showing that this length scale best-
characterized landslide age in a similar topographic, climatic,
and sedimentologic setting north of our study area. We
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excluded areas of the deposit within 8 m of places that have
been altered in ways not modeled by simple soil diffusion, such
as gullies or roads. Gullies were identified as areas with a con-
cave-up profile curvature of >0.09 m™ and with a drainage
area of >2670 m? calculated using a D-infinity flow accumu-
lation algorithm as done in Booth et al. (2017). Landslide
roughness may vary as a function of failure style, relative activ-
ity, or material properties (McKean and Roering, 2004; Booth
et al., 2009, 2017; Goetz et al., 2015). To minimize these effects,
we considered only deep-seated rotational landslides within
similar glacial materials. By controlling for landslide type
and parent material, we assume landslide deposits included
in this study will be governed by similar diffusive relationships.
Landslides mapped as failing in different styles, or from differ-
ent parent materials were excluded from this study. Some
mapped landslides are also active, with many landslides exhib-
iting reactivation. For consistency, we map complex landslides
as a single slide. Although the error on the age for a single land-
slide is high, making it difficult to definitively estimate the age
of a single slide, the quantity of landslides with estimated ages
allows for studying large-scale patterns.

To establish newly dated benchmark landslides to calibrate
the roughness model, we used radiocarbon dating of organic
material embedded in the landslide deposits. We targeted
streams incised into landslide deposits to collect nine pre-
modern (pre-1950) samples of wood and other organic debris.
We only took samples that were entrained within the landslide
deposit to minimize the chance that they are not associated
with the main landslide failure. Radiocarbon dating is well
suited to the landslides of the study area because abundant veg-
etation is likely to be preserved in landslide deposits, but it does
have some disadvantages (Panek, 2015). For example, many
landslides are part of large landslide complexes that have failed
many times. These reactivations can contain both new material
and older material from past landslides, and as such, their
radiocarbon ages can be difficult to interpret. In addition, sam-
ple material such as charcoal can be older than landslides that
contain it (Struble et al., 2020). To reduce this uncertainty, we
collected multiple samples when possible. By comparing these
ages, as well as looking to lidar to identify crosscutting relation-
ships (Ramsey, 2009), we constrain the ages of some of these
landslides to a smaller range than that provided by just a single
sample. These samples were dated using accelerator mass
spectrometry (AMS), performed by DirectAMS. Calibrated
ages were derived using OxCal version 4.3.2 (Ramsey, 2017)
with IntCall3 (Reimer et al., 2013).

We combine radiocarbon data from the North Fork
Stillaguamish (LaHusen et al., 2016; Booth et al., 2017), which
lies in a similar climate to the Puget Lowlands and has similar
Quaternary glacial deposits, with the newer Puget Lowlands
landslide ages to develop the age-roughness relationship that
we use in this study: t = 26,298 x exp(—4,994r) in which ¢
is the time in yr B.P. and r is the roughness in m™' (Fig. 3).
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TABLE 1
Modeled Earthquake Scenarios

Slip Slip Slip

Hypocenter Distribution Distribution Distribution
Location Number 1 Number 2 Number 3
West Scenario 1 Scenario 4 Scenario 7
hypocenter

Central Scenario 2 Scenario 5 Scenario 8
hypocenter

East Scenario 3 Scenario 6 Scenario 9
hypocenter

We then use this function to estimate the age of all landslides in
our inventory. The final ages are subject to multiple sources of
uncertainty. The radiocarbon ages have error based on both
the radiocarbon dating and the time that passed between wood
growth and entrainment into the landslide deposit. The rough-
ness measurements themselves are variable based on the lidar
data quality, and may differ between landslide styles. These
sources of error are then incorporated into uncertaintity of
the age-roughness relationship (gray area in Fig. 3) and thus
the final landslide ages.

Landslide history models

We adapt a landslide history model developed by LaHusen
et al. (2020) to assess the main causes of landsliding in the area
from 4600 yr B.P. to present day. This model considers the
effects of variable initial landslide deposit roughness on the
roughness-based age calculation, as well as the effect of pres-
ervation bias. It produces a count of landslides in a given area
over time. This helps us understand if the variations we see in
the landslide chronology are the result of natural variation,
bias, and error, or if there is an underlying signal. Because
of the uncertainty of the roughness ages and the nonlinear rela-
tionship between roughness and age, an earthquake is unlikely
to be represented by a sharp peak in landslide frequency, but
instead by a broad peak (LaHusen et al., 2020). We can model
this sort of broad peak and compare it with the landslide inven-
tory to test if it is present in our data. We used two
model setups and compare these with the observed landslide
history: one with steady landslides and one that also included
pulsed landslides. The model pair allows us to consider the
possible impacts of earthquake-induced landslides on the land-
slide record. For each model, we ran 10,000 simulations to
explore the possible range of starting roughness values. A base-
line annual landslide rate was used to approximate landslides
caused by precipitation and other landslide triggers in the
steady model. It is worth noting that precipitation-induced
landslides are not actually constant through time, but stochas-
tic and likely subject to a heavy-tailed distribution of interevent
times (e.g., Sadler, 1981; Schumer and Jerolmack, 2009).
Although the low precision of the landslide ages should
mitigate the error from a steady assumption, this does
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represent a potential source of unmeasured error. This baseline
rate was also included in the earthquake-pulse model, which
added an additional earthquake-induced landslide factor
modeled as a pulse of landslides observed at the time of the
last major earthquake on the SFZ (~1100 yr B.P., Sherrod
et al., 2000).

Other earthquake sources have produced earthquakes that
likely impacted the study area during this time period, most
notably several M,,~9 CSZ earthquakes (Goldfinger et al.,
2012). Although these M,,~9 earthquakes may have induced
landslides in the study area, this earthquake signal is not easily
identified due to uncertainty in the landslide dating method
and the frequency of earthquakes (LaHusen et al, 2020).
For this reason, we focus on the SFZ, which is most proximal
to the study area, ruptures to the surface, and has a longer
recurrence interval such that landslide signals from each earth-
quake do not overlap. In addition, the overlapping signals from
M, 9 earthquakes should not disrupt our ability to measure
signals from a SFZ earthquake because they are implicitly
included in the background landslide rate. The upper age limit
of 4600 yr B.P. and 200 yr bins were chosen by limiting our
focus to bins that contain at least five landslides. Because
we are only considering the last 4600 yr and the last major shift
in climate in this area occurred 6000 yr B.P. (Cwynar, 1987),
we assume that the climate, and thus the baseline background
landslide rate, remained relatively consistent during this period
and would have had a less significant impact on the landslide
history than earthquakes. However, we are not restricting the
ages used to calibrate the age-roughness relationship (which
include ages up to ~10,000 yr) and thus a change in climate
may be a source of uncertainty in our age-roughness relation-
ship. Preservation bias is modeled as an exponential function
fit to the landslide frequency derived from the inventory. This
bias is multiplied by the modeled landslide frequency to show
what might be observed in a real world landslide inventory.

In addition to landslide frequency through time, we
also model landslide areas using a power law relationship
p(x) «x x% in which « is an exponent derived from the fre-
quency-area distribution of the landslide inventory, p is the
probability of occurrence, and x is the area of the landslide,
as developed in Tanyas et al. (2018). We do this using the meth-
ods described in Clauset et al. (2009). This provided a power law
exponent of —1.8 with a cutoff at 6600 m?. Landslide frequency-
area distributions are known to only follow a power law at larger
areas, whereas smaller landslides below a rollover point do not
(e.g., Malamud et al., 2004; Frattini and Crosta, 2013). To avoid
issues with modeling this rollover point, we conservatively only
simulate landslides with areas >9000 m?.

The two landslide history models described earlier, one
background steady-state model and one earthquake (pulsed)
model, were tuned to match the total number of landslides
in the mapped landslide inventory. This tuning was done to
minimize the error between the model and the inventory
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(Fig. S2). We restricted this tuning to the modeled window
of 400-4600 yr B.P. to remove the effect of apparent increase
of landslides in the past 400 yr. The resulting number of
landslides is different than the total number of landslides
created by the model because of preservation bias, which
has been noted in similar studies (LaHusen et al, 2016,
2020; Booth et al., 2017).

SFZ earthquake simulations
We use nine simulations of SFZ earthquakes to compare land-
slide clustering with modeled ground motions and use these
comparisons to invert for reasonable ground motion character-
istics of the last major earthquake on the SFZ (~1100 yr B.P.).
The ground motions we use are PGV from nine different M, 7
scenario earthquakes on the SFZ (Fig. 4; Stone et al., 2022). We
use PGV instead of peak ground acceleration (PGA) due to lim-
itations of the simulations for producing accurate PGA values.
These models incorporate the effects of topographic amplifica-
tion as well, an important element for understanding landslide
initiation. The nine different rupture scenarios we consider
(Table 1) are based on a combination of three different slip dis-
tributions (Fig. 5) and three different hypocenter locations (east,
center, and west), as described in detail by Stone et al. (2022).
The three slip distributions were randomly generated but can
roughly be described as slip concentrated in the east (distribu-
tion 1), in the west (distribution 2), and in the central portion of
the rupture (distribution 3).

The spatial distribution of observed landslides among dif-
ferent PGVs from the SFZ earthquake simulations is measured
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Figure 4. Ground motions in peak ground velocity (PGV) for each SFZ earth-
quake scenarios (1-9). Higher ground motions are indicated with red and
orange; and lower ground motions in yellow. The landslide inventory is
shown as points and the modeled fault plane location shown as a cross-
hatched rectangle. The color version of this figure is available only in the
electronic edition.

using a probability density function (PDF) created using a ker-
nel density smoothing function. First, two PDFs were created,
one for the occurrence of landslides P(Landslide) and another
for the distribution of PGVs P(PGV). We also create a condi-
tional probability of PGVs in areas with landslides P(PGV]|
Landslide). Using Bayes’ theorem, we can then calculate the
probability of landsliding at a given PGV P(Landslide|PGV).
To consider areas that landslides are likely to occur, these
distributions were derived only for areas with slopes higher
than 10°. This cutoff was chosen based on proportionally fewer
landslides occurring on slopes <10° (Fig. S3). PGV distribu-
tions were based on median PGV values from all scenarios,
to avoid being skewed by a single scenario with a high PGV
at any given location; though, a mean PGV-based analysis pro-
duces similar results. The spatial distribution of these median
peak ground motions is shown in Figure 6, along with the land-
slide inventory. We exclude the higher PGV values in which
P(PGV) 0.1, because the low sample sizes at these values lead
to misleading statistics. We also calculated the conditional
probability P(Landslide| DistanceFromFault) in a similar man-
ner, finding the probability of landsliding given a 3D distance
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from the modeled fault plane. We perform these measure-
ments for both observed landslide count and observed land-
slide area. Landslide area weights the statistics, so that
larger landslides have a larger effect on the probabilities.

To test for spatial clustering of landslides based on earth-
quake shaking (PGV), or distance to rupture, we use a two
sample Kolmogorov-Smirnov (K-S) test. This technique tests
if two sample sets are drawn from the same nonparametric
continuous probability distribution (Massey, 1951). In our
case, we compare the background distribution of PGV, repre-
senting earthquake shaking intensity, across all landslide-sus-
ceptible areas within our study, with the distribution of PGVs
just within mapped landslide polygons. From global empirical
observations (Keefer, 1984; Jibson, 1985; Malamud et al.,
2004), we assume areas of stronger shaking should promote
more, and larger, landslides compared with areas of less shak-
ing, and construct a null hypothesis to test that the distribu-
tions of PGV in both landslide and nonlandslide points match.
Given this assumption, we use the K-S test to identify two con-
ditions: (1) the null hypothesis is rejected, and landslide
polygons show a significant difference in PGV compared
with background; or (2) we cannot reject the null hypothesis
and landslides are not sensitive to high (or low) PGV values.
K-S tests were performed on landslide distributions for a
sequence of 200 yr time periods from 0 to 4.6 ka using all nine
SFZ earthquake simulations. We hypothesize that during peri-
ods of local ground shaking due to SFZ earthquakes (e.g.,
around the most recent 1093-1092 yr B.P. event, Black
et al., 2023), we will observe a strong clustering of landslides
in high-PGV regions and reject the null hypothesis, whereas in
aseismic periods, we will observe more uniformly distributed
precipitation-induced landsliding and will not reject the null
hypothesis. We ran the K-S test two times for each time period,
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Figure 5. Properties of considered earthquake scenarios. (a) Shaded relief
map with scenario fault plane (red) and hypocenter locations (blue stars)
with mapped landslide inventory shown as black points. (b) Slip distributions
and hypocenter locations (stars, W indicates west, C indicates central, and E
indicates east) for all scenarios (adapted from Stone et al., 2022). Best-fit
scenarios for different temporal landslide clusters (A—F) are highlighted (see
the Results, Discussion, and Figure 9 for details). The color version of this
figure is available only in the electronic edition.

once measuring if the distribution of landslides correlated with
ground motions, and once to see if the landslides exhibit an
inverse relationship with ground motions. We use results from
this test to interpret whether the landslides in each of these
time periods were likely to be caused by ground motions from
one of the scenario earthquakes. This is useful because even if a
temporal cluster is caused by precipitation or another earth-
quake source (such as the southern Whidbey Island fault),
it will not show up in this test (i.e., the spatial distribution
of landslides will not correlate with the likely spatial distribu-
tion of PGV from a SFZ earthquake). In this way we can nar-
row the source of the landslide cluster to just those likely
caused by a SFZ earthquake. The inverse test, on the other
hand, will not represent earthquake-induced landslides.
Instead, this test measures if there are more landslides in areas
with low PGVs. Such a pattern could be expected if landslides
that occur in the years after an earthquake are preferentially
located in areas that did not fail during the previous
earthquake.

RESULTS

New radiocarbon ages

To develop our roughness relationship (Fig. 3), we dated
six benchmark landslides using AMS radiocarbon dating

Bulletin of the Seismological Society of America e 1091

Downloaded from http://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/114/2/1084/6338589/bssa-2023079.1.pdf?casa_token=3HOXiSUj6KUAAAAA:tmI6tWwpBBgMVB-kBcojSIvpN7LM18huqg_MVIOVJTCI7plchfw-M4fin5UzcPgaH
bv lniversity of Washinaton vser



71 Model fault plane
* Mapped landslides
Peak ground velocity (PGV)
Value
0.2-0.5m/s
0.6-1m/s
1.1-1.5m/s
BN 1.6-2m/s
Bl 2.1-2.5m/s
Bl 2.6-3 m/s

2 4 8 12 16
O — e kM

Figure 6. PGV map for the study area based on median maximum horizontal
ground motions from all earthquake model scenarios. Mapped landslides
are shown as points. The fault plane is shown as the hatched area, with a
dashed line showing the surface trace of the fault. The arrow indicates that
the fault trace and plane continue to the west out of the frame. The color
version of this figure is available only in the electronic edition.

performed by DirectAMS (Table 2). Four ages are from the
Norway Hill landslide complex (Fig. 2). These ages, derived
from samples of wood and other organic materials, were col-
lected from exposed gullies running up the complex and were,
in order from lowest to highest elevation sampling loca
tion: 1345 + 45, 1620 + 80, 140 + 140, 145 + 145 cal B.P.
Uncertainty on these and other dates is 2-sigma error.
Based on crosscutting relationships observed from the lidar
data in which younger landslides overlay older landslides,
the youngest two ages likely represent a more recent secondary
failure in the landslide complex, whereas the older two likely
represent the initial age of the complex. For this reason, we use
both older dates to calibrate the age-roughness model (Fig. 3),
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but not the younger ages. Although these ages do not overlap
in error and may represent separate failures, they are close
enough that excluding either does not significantly change
the age-roughness fit.

We also obtained two ages from wood buried in individual
landslides in the Schmitz Preserve, with ages of 405 + 85 and
7390 + 70 cal B.P. for landslides in the northern and eastern
parts of the preserve, respectively (Fig. 2a). We also obtained
one age from wood exposed in a gully near May Creek
(Fig. 2a), which gave an age of 396 + 58 cal B.P for that land-
slide. Two additional charcoal ages were obtained from land-
slides near North Issaquah (830 + 80 cal B.P.) and Coal Creek
(705 + 25 cal B.P.; Fig. 2a). Owing to long preservation times,
charcoal is more likely to provide a maximum age constraint
than an absolute age. However, based on the relatively young
ages recorded here, we used these to calibrate the age-rough-
ness relationship. Finally, to consider the youngest possible
ages, we use landslides that occurred during the winter of
1996-1997 at Perkins Lane and near the “Highlands”
(Fig. 2a; Baum et al., 1998).

Landslide inventory

We mapped 1064 deep-seated landslides in the study area
(Table SI1). Geographic information systems polygons of
our mapped landslide inventory are available as a shapefile
with the supporting information. Some of these landslides
are part of slide complexes with multiple successive failures.
Individual landslides range in area from 300 to 530,000 m?,
with a mean landslide size of 18,000 m?. The height-to-length
ratios (height is measured as base of headscarp to end of toe)
of the landslides range from 0.03 to 4, with a mean height-to-
length ratio of 0.5. The landslides generally occurred along
the steep slopes of the area, such as waterfront bluffs and river
valleys (Fig. 2a) and overlap with areas predicted to fail in a
SFZ earthquake by Allstadt et al. (2013) and Grant (2017).
We did not map bedrock failures in the Issaquah Alps
(Fig. 2a), which explains the dearth of landslides from that
region in our inventory.

The landslide inventory ages, derived from roughness,
reflect an exponential preservation bias, with more landslides
having younger ages owing to the erosional removal and over-
writing of older landslide deposits (Fig. 7, Table S1). This
appears as a linear relationship in the semilog plot in
Figure 7. However, there are even more landslides at younger
ages than this bias would predict, with a large increase in land-
slides with ages younger than 400 yr B.P. This may be an arti-
ficial increase due to the “Sadler effect” (Sadler, 1981; Schumer
and Jerolmack, 2009), in which changing the sampling window
can artificially increase measured rates of stochastic events (see
the supplemental material and Fig. S4 for more information on
this effect). Beyond the expected preservation bias and Sadler
effect, there are additional fluctuations in the number of land-
slides through time, such as around 1.0 and 2.6 ka (Fig. 7).
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TABLE 2
Benchmark Landslide Radiocarbon Ages

Radiocarbon

Landslide Name Material Age (yr B.P.) 10 Error (yr)
North Issaquah slide Charcoal 903 22
Schmitz Preserve north Wood 382 23
Schmitz Preserve east Wood 6484 36
Norway Hill Wood 1463 24
Norway Hill Wood 1706 37
Norway Hill Wood 161 20
Norway Hill Wood 173 25
Coal Creek Charcoal 789 20
May Creek Wood 317 21

Calibrated Ages

(cal B.P.) with 25 Error* Latitude and Longitude

830 + 80 122°2'39.47"W and 47°33'36.725"N
405 + 85 122°245.205"W and 47°34'36.04"N
7390 + 70 122°23'57.341"W and 47°34'27.28"N
1345 x 45 122°12'24.437"W and 47°44'58.484"N
1620 + 80 122°12'20.92"W and 47°44'58.089"N
140 + 140 122°12'20.102"W and 47°44'58.356"N
145 + 145 122°12719.215"W and 47°44'58.452"N
705 + 25 122°10'16.695"W and 47°33'41.193"N
396 + 58 122°11'25.899"W and 47°31'49.360"N

*Calibrated ages from OxCal (4.3.2) using IntCal13 and are in years before 1950. Additional information in Table S2.

Modeled landslide histories through time
The results of the roughness-based landslide models through
time are shown in Figure 7 and compared with the inferred fre-
quency of landslides from our inventory (black line). Because
these models only consider landslides >9000 m?, the landslide
inventory is similarly filtered to provide an appropriate compari-
son. The steady model has a landslide rate of 16 landslides per
100 yr. The best-fit earthquake (pulsed) model has a landslide
rate of 12 landslides per 100 yr with 80 additional landslides
induced by simulated representation of the last major SFZ earth-
quake. Both of these best fits are determined by minimizing root
mean square logarithmic error (rmsLE) between the modeled
frequency distributions and the observed landslide distribution.
Although the earthquake-induced landslide model produ-
ces an overall similar pattern to the steady landsliding model,
it does do a better job of fitting some of the observed variations
in landslide frequency and area. Based on comparing the fre-
quency distributions of the models with the observations, the
earthquake model has an rmsLE of 0.018, and the steady model
has an rmsLE of 0.078. For the area distributions, these errors
are 0.54 and 2.8, respectively. In particular, the earthquake
landslide model fit is better around the time of the last major
SFZ earthquake ~1100 yr B.P. in the area distribution.
Although the fit is also slightly better for the earthquake model
in the frequency distributions, it is less robust. Both models fail
to capture a cluster in landsliding around 2.6 ka and 3.8-4.6 ka,
possibly related to other SFZ earthquakes (Nelson et al., 2003;
Karlin et al., 2004). These peaks might be better characterized
by a model with landslides induced from those earthquakes.
We did not try to replicate the substantial increase in modern
landsliding observed in the last 400 yr. This cluster may be a
result of the Sadler effect (Sadler, 1981; Schumer and
Jerolmack, 2009), see the supplemental material and Figure S4.

SFZ earthquake simulations and spatial landslide
patterns

Assuming that spatial correlations between landslides and
PGV signify earthquake-induced landslides, we can use the
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spatial distribution of landslides to measure the likelihood that
landslides were earthquake induced. Spatial patterns were
first assessed by comparing landslide distributions with
PGVs and distance to the fault. Although conditional landslide
probability is proportional to distance from the fault and PGV,
the relationship is stronger for PGV with higher maximum
probabilities for both landslide count (conditional probability
for PGV 0.144 > conditional probability for distance 0.071)
and area (conditional probability for PGV 0.116 > conditional
probability for distance 0.082; Fig. S5). As a result, we use PGV
as the main indicator of earthquake-induced landslides. It
should also be noted that P(Landslide|PGV) stops being a use-
ful indicator at high PGVs (P(PGV) < 0.1) due to their low
probability of occurrence. The distribution of P(Landslide|
PGV) at different 200 yr intervals is shown in Figure 8 (Fig. S6
is similar but uses mean PGV instead of median PGV).
Highlighted in this figure are time periods that have higher
than average correlations between landslides and PGV (blue
and yellow lines), the time slice that includes the last known
major SFZ earthquake (red line), and the “null” time slice of
the last 200 yr, a time window that we know did not experience
a major SFZ earthquake.

Using the D statistics produced by two sample K-S tests, we
compare the ground motions from different scenarios with the
spatiotemporal distribution of landslides in Figure 9 and
Table 3. The D statistic is a measure of how different the prob-
ability distributions of the two samples are, with higher values
corresponding to greater differences. Above a critical value this
statistic invalidates the null hypothesis that the two samples are
from the same distribution. This critical value varies based on
the input sample size but is on average ~0.1 at a 99.9% con-
fidence level for our dataset. Any value higher than this is con-
sidered statistically significant. We can additionally compare
the values to get a relative measure of how well the distribu-
tions agree. To better compare variability in critical values
among the different scenarios, Table 3 lists the D statistic
divided by the corresponding critical value and Figure 9 sum-
marizes this by finding the average normalized D statistic over
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Figure 7. (a) Landslide frequency and (b) area over time. The black line rep-
resents the mapped landslide inventory, 2o error in dashed lines. The dark
gray vertical bar over the most recent time interval indicates the anomaly,
possibly due to the Sadler effect, that is not considered during modeling. The
blue line and shaded area represent the model with a uniform landslide rate.
The orange line and area represent the model with an increase in landslide
frequency and area around the time of the last major earthquake on the SFZ.
The lines indicate the mean values, and the shaded areas represent 90% of
model runs. See the Methods section for scenario model details. The color
version of this figure is available only in the electronic edition.

all scenarios for each time period. We interpret values higher
than 1 to indicate some earthquake-induced landslides, with
higher values corresponding to a higher likelihood and propor-
tion of earthquake-induced landslides. We plot (Fig. 9) both
the positive correlation (solid line with points) and inverse cor-
relation (dashed line with points). The positive correlation
between the landslides and PGV values represents earthquake
forcing, whereas a lack of correlation or inverse correlation
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Figure 8. Conditional probability of landsliding as a function of PGV
P(Landslides|PGV) at 200 yr time slices. Highlighted time slices are in
color: green for 0—200 yr B.P., red for 1000—1200 yr B.P. (time window that
includes a known SFZ earthquake), blue for 2000-2200 yr B.P., and yellow
for 2600-2800 yr B.P. Other time slices from 4.6 to 0 ka are plotted in gray.
The probability for the entire time period is plotted as a dashed black line.
PGV is from the median of all earthquake scenarios in units of m/s. The 0—
200 period represents a “null” scenario because no M,, 7.0 earthquakes
from faults in the region have been recorded, felt, or described during this
time. The blue and yellow highlighted time slices have the maximum
conditional probabilities. The color version of this figure is available only in
the electronic edition.

may represent landslides triggered by other forces. Inverse cor-
relation additionally may suggest some sort of preconditioning
of the landscape by earthquakes, causing landslides in areas
other than those that failed due to shaking. These values
may not visually match the patterns shown in the conditional
probability plots (Fig. 8), because small number statistics can
artificially inflate the conditional probability at high PGVs
(e.g., the 2.8-2.6 ka event in Fig. 8).

By comparing across time, we look for high positive correla-
tion values to indicate that an earthquake likely occurred during a
given period. Moreover, by comparing across scenarios during
that interval (Fig. S7), we estimate the most likely distribution
of ground motions from that simulated earthquake scenario.
We observe the highest normalized D statistics in the 1.2-1.0 ka
and 1.0-0.8 ka time periods, which correspond to the time of the
last major SFZ earthquake (peak labeled B in Fig. 9). Within these
time periods, earthquake scenario 7 (Table 1, Fig. 4), from 1.2 to
1.0 ka, has the highest D statistic among the different scenarios
considered. This scenario was generated using a western hypo-
center and slip distribution 3, with centrally concentrated slip
(Table 1, Fig. 5). The spatial distribution of PGV from scenario
7 shows the strongest ground motions in a band stretching from
West Seattle to Mercer Island (Fig. 4, scenario 7). Relative to
other scenarios, this scenario also has higher ground motions
along the bluffs bordering the Puget Sound.
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Figure 9. Plot showing the normalized D statistic (D statistic divided by the
corresponding critical value, D statistic compares landslide distribution and
PGV distribution) averaged over the nine earthquake simulation scenarios
for each 200 yr time interval through 4800 yr B.P. Horizontal lines show
values of 1 and 2. Values above 1 invalidate the null hypothesis and indicate
earthquake forcing. Values above 2 have a higher probability of earthquake
forcing and are used to designate possible earthquakes. These clusters are
labeled (A—F); cluster B overlaps with the timing of the last major SFZ
earthquake. See Discussion for details. For comparison, other earthquakes
on the SFZ (Nelson et al., 2003, 2014) are plotted as red bars (labeled NA-
NE) and landslide deposits in Lake Washington (Karlin et al., 2004) are
plotted as blue bars (labeled KA-KH). The color version of this figure is
available only in the electronic edition.

We can also look for other clusters in the normalized D sta-
tistic that indicate other possible earthquakes (value > 2). As a
check on this approach, we inspect the most recent 200 yr, an
interval in which no significant earthquakes were recorded
along the SFZ. As expected, we find no spike or corresponding
increase in the normalized D statistic to indicate any earth-
quake-induced landslide activity. Consideration of older time
intervals shows evidence for one cluster younger and four clus-
ters older than the ~1100 yr B.P. SFZ earthquake (B in Fig. 9).
We name the clusters in increasing age as A (0.6-0.4 ka), B
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(1.2-0.8 ka), C (2.2-2.0 ka), D (2.8-2.6 ka), E (4.0-3.8 ka),
and F (4.6-4.2 ka; Fig. 9, Table 3). The slip and hypocenters
of the best-fitting scenarios for each of the clusters are pre-
sented in Figure 5 and the expected ground motions are pre-
sented in Figure 4.

DISCUSSION

The new deep-seated landslide inventory presented here com-
bined with landslide age and earthquake ground shaking sce-
nario models substantiates that the landscape records past
earthquakes on crustal faults in the Seattle region. Each line
of evidence examined supports the inference that earth-
quake-induced landsliding led to temporal and spatial cluster-
ing of landslide deposits in the study area, at least for the last
M, ~7 SFZ earthquake (~1100 yr B.P.). Although this inter-
pretation can be drawn from either the temporal or spatial
datasets separately, the most robust conclusions come from
considering all the data and models together. The discovery
of landslide clustering due to earthquakes is important over
both geologic and human timescales because such patterns
should affect landscape evolution and hazards in the region.
Our results differ from work by LaHusen et al. (2020), which
found little evidence that deep-seated landslides within the
Oregon Coast Range are triggered by subduction zone earth-
quakes. This may be due to stronger ground motions and less
seismic wave attenuation from crustal fault earthquakes, as
opposed to subduction earthquakes. Although CSZ earth-
quakes may have higher moment magnitude, they are typically
deeper and offshore, and thus generally have lower PGVs at
inland sites (Serey et al, 2019). Alternatively, the presence
of a fault damage zone in the crustal SFZ could be at play,
which has been shown to affect earthquake-induced landslide
patterns in other fault zones (e.g., Bloom et al., 2022) and there
are differences in radiated frequency content among crustal
versus subduction zone earthquakes.

The observed temporal pattern of landslide ages in the
Puget Lowland fits slightly better to a model with a pulse
of landslides at the time of the last major SFZ earthquake
rather than steady landslides through time (Fig. 7). In addi-
tion, a model based on the landslide area distributions fits
better than the frequency distributions. This indicates that
a consideration of landslide area through time can help iden-
tify an earthquake signal. Perhaps this is due to some
differences in size from different landslide sources, although
this variation is difficult to resolve with our dataset (see
Fig. S8, which shows a constant landslide area power law
exponent through time, suggesting no source dependence
for landslide size). However, it is worth noting the uncer-
tainty in resolving an earthquake signal from landslide
age-modeling alone. In both plots that we consider, landslide
frequency and landslide area (Fig. 7), the fits to the earth-
quake model are not perfect and it is possible that the cluster
we interpret as an earthquake signal ~1000 yr ago may be
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noise. In addition, our focus on landslides with areas greater
than >9000 m? may bias the distribution and miss some pat-
tern in smaller landslides. In addition, when our models
assume a relatively constant background rate, even precipita-
tion-induced landslide events tend to be stochastic (Coe et al.,
2004). This means that our models do not account for the
Sadler effect (Sadler, 1981; Schumer and Jerolmack, 2009),
seen in the inventory dataset (see the supplemental material).
The large uncertainties on individual landslide ages associ-
ated with the age-roughness dating approach limit our ability
to identify high-magnitude landslide-triggering earthquakes
in the record, especially if they occur somewhat frequently.
In theory, infrequent large earthquakes, such as along the
SFZ, should be distinguishable in the landslide record,
whereas more frequent earthquakes will blur together and
be indistinguishable from the background rate. In practice,
this means the landslide timing record cannot be used to rule
out the occurrence of earthquakes due to an absence of tem-
poral clustering and the strongest conclusions can be made
when combining landslide age information with spatial pat-
terns (e.g., Grant et al., 2022). In addition, it is worth noting
that some of the earthquake-induced landslides may not be
triggered coseismically, but instead fail in the following years
after an earthquake main shock due to aftershocks or weak-
ened slope materials.

In our study, we also see a trend in the spatial clustering of
landslides that comports with ground shaking modeled for
past earthquakes on the SFZ (Stone et al, 2022; e.g,
Fig. 6). Given similarities in geologic material and mean
annual precipitation across the study area, we expect spatial
patterns of nonseismic landslides to be relatively unclustered
and random through time. Future work may be able to
compare our deep-seated landslide inventory with modern
shallow landslide inventories to test if this assumption is true
for nonseismic landslides. In contrast, when looking at spe-
cific time periods for our dataset, we observe a significant
shift in the spatial pattern of landsliding that we interpret
to record earthquake activity (Fig. 8). This shows that
earthquake-induced landslides do not affect the entire study
area equally and will have different effects in different
areas. In addition, there is a mismatch in the distribution
of interpreted nonseismic and earthquake-induced landslides
(0-200-year-old versus 1000-1200-year-old landslides in
Fig. 8). This observation has implications for landslide hazard
assessments because hazard based on rainfall-based predic-
tions, for example, will not necessarily correlate with hazard
from earthquake-induced landslides.

By comparing the spatial landslide distribution with the
modeled PGVs in different scenarios, we can look for an indi-
cation that an earthquake occurred during that time interval, as
well as determine the best-fitting patterns in ground motions
during the last major earthquake on the SFZ. We do this using
the K-S D statistic as a measure of how different a given
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landslide distribution is from the norm, which for a positive
correlation indicates the likelihood that a landslide distribution
is caused by an earthquake scenario. For the 1.2-1.0 ka and
1.0-0.8 ka intervals, the period that includes the last known
major rupture on the SFZ, all ground motion scenarios show
positive correlation D statistics well above the critical value
(Fig. 9, Table 3). None of the earlier time intervals show sce-
narios this high above the normalized critical value of 1. These
results show strong evidence that spatial landslide patterns
were impacted by an earthquake during this time. Although
any of the scenarios are statistically reasonable based on the
normalized critical value, the scenario that best matches the
landslide distribution (scenario 7) has the strongest ground
shaking stretching from West Seattle to Mercer Island, with
strong shaking along the bluffs of the Puget Sound. This sce-
nario was created using a western hypocenter and central slip
distribution.

We next speculate on the earthquake properties from other
identified possible earthquakes using the best-fit scenarios,
with the caveat that the nine earthquake scenarios considered
do not represent a full suite of potential rupture characteris-
tics. Many of the landslide clusters found in our data may
represent the same earthquakes recorded in fault trenches
in the SFZ (Nelson et al., 2003, 2014) and turbidite and land-
slide deposits in Lake Washington (Karlin et al., 2004; Fig. 9).
Cluster A (0.6-0.4 ka) correlates with earthquake NE (940-
380 cal yr. B.P) from Nelson et al. (2014). This may also
represent RH2 (650-200 cal B.P) noted by Angster et al.
(2022). Cluster A does not have a clear best-fit ground motion
scenario, with most scenarios performing equally well (Fig.
S7). Cluster C (2.2-2.0 ka) correlates with earthquake NB
(2650-1940 cal B.P) from Nelson et al. (2003, 2014) and event
KG (2260-1850 cal B.P) from Karlin et al. (2004). The best-fit
scenario (Fig. S7) for this cluster indicates the strongest
ground motion from Beacon Hill to Newcastle (Fig. 6), with
high ground motions along the Puget Sound on the western
edge of the study area. Cluster D (2.8-2.6 ka) may represent
earthquake NA (>2500 cal B.P) from Nelson et al. (2003,
2014) and event KH (3400-2700 cal B.P) from Karlin
et al. (2004). The best scenario (Fig. S7) for cluster D had
the strongest motions stretched from West Seattle to
Mercer Island (Fig. 6), with relatively high ground motions
around Lake Washington. Cluster E (4.0-3.8 ka) overlaps,
as well, with earthquake NA (>2500 cal B.P) from Nelson
et al. (2003, 2014). This cluster has some of the lowest ground
motions of any scenario, with strong shaking mostly confined
to the area near the surface trace of the fault. The 4.6-4.4 ka
and 4.4-4.2 ka increases (cluster F) also overlap with earth-
quake NA (>2500 cal B.P) from Nelson et al. (2003). This
cluster also has a best fit (Fig. S7) to the same scenario as
cluster E, which suggests that E and F might be a signal from
the same earthquake. Based on the best fits to all these clusters
(Fig. S7), an eastern hypocenter appears least likely to have
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occurred in the past 4600 yr, when all other hypocenters and
all slip distributions tend to be the best fit for at least one
possible earthquake.

Some proposed earthquakes from Nelson et al. (2003,
2014), Karlin et al. (2004), and Angster et al. (2022) are
not apparent in our landslide inventory. Karlin et al. (2004)
date submarine landslide and turbidite deposits in Lake
Washington and interpret some of these to be seismically
induced. Although the SFZ is proximal to this lake, other trig-
gers, such as large storms (e.g., Karlin et al, 2004 event KD
[900-680 cal B.P.]) or earthquakes on other faults or the
CSZ (e.g., Karlin et al, 2004 event KB [400-130 cal B.P.]),
could lead to such deposits. In contrast, Nelson et al. (2003,
2014) studies and Angster et al. (2022) are directly linked
to the SFZ because they trenched a backthrust. One possible
explanation for why we could miss an event would be if dry
conditions during the rupture led to fewer landslides and a less
diagnostic spatial pattern. This may explain why we do not see
a clear signal from earthquake NC (1350-1170 cal B.P.) from
Nelson et al. (2003, 2014) and why there is also no landslide
signal in Lake Washington at that time (Karlin et al., 2004). To
this point, Allstadt et al. (2013) tested both dry and wet hill-
slope conditions and found that the total area of landslide
sources was an order of magnitude smaller when an earth-
quake happened during the dry season than when soils were
completely saturated.

The D statistic for the inverse correlation may also contain
information regarding these past earthquakes. Only three time
periods (2.0-1.8 ka, 1.0-0.8 ka, and 0.2-0 ka) have inverse D
statistics higher than 2, and all of these postdate landslide clus-
ters C, B, and A, respectively. This may represent a delayed
effect in which after an earthquake has caused landslides on
unstable slopes with strong shaking, the remaining unstable
slopes will be biased toward areas that experienced less shak-
ing. In the following centuries this pre-existing bias could lead
to an apparent inverse relationship between landslides and
ground motions during periods with no earthquakes. This con-
flicts with other studies (e.g., Parker et al., 2015) showing that
earthquake-induced landslide locations are influenced by past
failures, and are more likely in areas that failed in the past.
Perhaps the triggering mechanism is important here, with
earthquake-induced landslides occurring more frequently in
the same locations, whereas rainfall-induced landslides are
more likely in areas without earthquake-induced landslides.
Further testing of this hypothesis could help improve our
understanding.

Taken together, these results can be tentatively interpreted
to indicate that the SFZ does not have a characteristic rupture
style and instead generates earthquakes with a variety of slip
distributions, hypocenter locations, and resulting ground
motion distributions. Although this means that we cannot
rule out any rupture parameter for either past or future earth-
quakes on the fault, we can assess the likelihood of different
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ground motion distributions in the past based on the land-
slide record. For example, based on our analyses, we can show
that an eastern hypocenter is the least likely hypocenter loca-
tion for these past earthquakes. An important caveat to this
interpretation is that ground motions are not unique to a par-
ticular set of rupture parameters and the modeled likelihoods
will not fully contain the rupture parameters to a single set of
values. The ground motions also used a uniform shear-wave
velocity minimum of 450 m/s, instead of a more detailed con-
sideration of variations in glacial sediment site effects (see the
supplemental material for more discussion on the ground
motion simulation parameters). In addition, the different
scenarios all have sufficiently different PGV distributions
such that risk analyses based on a single earthquake scenario
may obscure the interevent variability of seismic hazard due
to SFZ earthquakes. Because of these factors, future work
using this method could be improved by considering a wider
range of earthquake scenarios, with more variability and
granularity in the rupture parameters. For example, when
Stone et al. (2022) considers three different hypocenters, they
are all at the same depth on the fault. Considering different
hypocenter and rupture depths could expand the range of
possible ground motions we use to evaluate earthquake-
induced landslides.

CONCLUSIONS

In this study, we combine analysis of a new, deep-seated
landslide inventory with morphologically estimated ages,
with landslide and earthquake simulation modeling to
investigate spatial and temporal clusters of landslides in
the Puget Lowlands of Washington State, U.S.A. We find evi-
dence of increased landsliding around the time of the last
major SFZ earthquake. Spatially, this corresponds to more
landslides in areas with higher modeled PGVs. Temporally,
this increase in landslides leads to possible clustering with
ages near the time of the last major SFZ earthquake. By
restricting our view to landslides within the timeframe of
the 1050-1020 cal B.P. SFZ earthquake (Bucknam et al,
1992; Atwater, 1999; Sherrod, 2001; Nelson et al., 2014),
we also see an increase in spatial clustering compared with
the temporally unrestricted spatial patterns. Landslide clus-
tering also reveals evidence of earlier earthquakes on the
SFZ, some of which correlate with other paleoseismic evi-
dence (Nelson et al., 2003, 2014; Karlin et al., 2004). Our work
helps to refine the ages for these past earthquakes. Earthquake
NA (>2500 cal B.P.) from Nelson et al. (2003) is poorly con-
strained, and when we cannot narrow it down to a single time
period, we can suggest that it may be related to either land-
slide cluster D (2.6-2.8 ka), E (3.8-4.0 ka), or F (4.2-4.6 ka).
In addition, comparison of different earthquake scenarios
with the landslide inventory identifies the modeled ground
motions that best match the clustering related to the last
major SFZ earthquake. We find that the scenario with
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strongest shaking stretching from West Seattle to Mercer
Island and high shaking along the bluffs bordering the
Puget Sound fits best. This scenario (i.e., scenario 7) was cre-
ated with a western hypocenter and central slip distribution.
By applying this technique to the other possible earthquake-
induced landslide clusters, we see that a variety of different
ground motion distributions provide the best match to differ-
ent temporal landslide clusters (Fig. S7), which suggests that
SFZ earthquakes have variable rupture characteristics that
result in different patterns of ground shaking. More generally,
our study demonstrates the power of combining a regional
landslide inventory with multiple earthquake scenario models
to perform paleoseismic analysis. Future work in the Puget
Lowland could investigate if there are similar landslide clus-
ters related to other crustal faults such as the southern
Whidbey Island fault. Our approach offers a means to inves-
tigate past earthquakes, especially in areas with rare, but
strong earthquakes in landscapes prone to landsliding. In
which records of past seismic activity are missing, the method
may be used as one of the few means to extract information
about past earthquake ground motions directly from the
landscape.

DATA AND RESOURCES

The supplemental material contain additional details about the Seattle
fault earthquake simulations and the temporal landslide model. It
includes testing for a scale-based preservation bias and the Sadler
effect. It also contains a data table of all 1000+ landslides with esti-
mated ages and a shapefile of all landslides. Faults in Figure 1:
Bowman, J. D., and Czajkowski, J. L. (2019). Washington State seis-
mogenic features database—GIS data: Washington Geological Survey
Digital Data Series 1, version 5.0, previously released April 2016
available at https://gis.dnr.wa.gov/sitel/rest/services/Public_Geology/
Earthquake/MapServer. Light Detection and Ranging (lidar):
lidar Bare-Earth digital elevation model (DEM) [computer file].
(2016). Corvallis, Oregon, U.S.A.: QSI Corvallis, available at:
Puget Sound Lidar Consortium, Seattle, Washington, U.S.A. available
at  http://pugetsoundlidar.ess.washington.edu/lidardata/restricted/
projects/2016king_county_l.html. 2002 Nisqually Earthquake
Shakemap: U.S. Geological Survey (USGS), ShakeMap—Earthquake
Ground Motion and Shaking Intensity Maps: USGS available
at  https://earthquake.usgs.gov/earthquakes/eventpage/uw10530748/
shakemap/pgv. All websites were last accessed in September 2020.
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