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Abstract

The Cascadia subduction zone (CSZ) is capable of producing large megathrust earth-
quakes and tsunamis, posing substantial risks to the Pacific Northwest. This article exam-
ines the seismic characteristics of the CSZ, including its offshore coupling, sparse
seismicity, and a complex paleoseismic record. Recent advances in geophysical methods
and data collection have improved our understanding of subduction zone processes, but
important uncertainties remain regarding rupture dynamics, ground shaking, and tsu-
nami impacts. The Cascadia Region Earthquake Science Center (CRESCENT) has been
established to address these challenges through coordinated research, education, and
community engagement. By integrating scientific studies, fostering collaboration, and
leveraging new technologies, CRESCENT seeks to improve hazard assessment and resil-
ience in the region. This article outlines the primary challenges and opportunities for
advancing subduction-zone science and supporting societal preparedness for future
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Introduction: The Cascadia Subduction
Zone

The largest and most damaging earthquakes happen at subduc-
tion zones. Their associated hazards such as strong shaking,
tsunamis, landslides, liquefaction, and fire make them some
of the most dangerous natural phenomena (Daniell et al,
2011). As a result, subduction zones have been the subject of
intense scientific scrutiny (e.g., Wirth et al, 2022) that has
resulted in substantial growth with respect to our understanding
of their physics and consequences to humans and the built envi-
ronment. However, much work remains to comprehensively
understand subduction zone geohazards, particularly in areas
such as controls on along-strike and down-dip rupture propa-
gation, long-term earthquake cycles, slow earthquakes, and tsu-
nami generation mechanisms, which are critical for improving
hazard estimates and developing mitigation strategies.

The Cascadia subduction zone (CSZ, Fig. 1) is a seismically
active convergent margin that spans the Pacific Northwest
United States and southwestern Canada (Clague, 1997). Like
other subduction zones, this dynamic and complex plate boun-
dary can produce some of the largest earthquakes and tsunamis
on Earth. The 1700 megathrust earthquake, for example,
generated a tsunami powerful enough to damage coastal
Japan, thousands of kilometers away across the Pacific Ocean
(Satake et al., 1996; Yamaguchi et al., 1997). Despite its ability
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to produce great earthquakes, the CSZ is unusual among sub-
duction zones owing to its low ambient seismicity levels
(Bostock et al., 2019) and lack of earthquakes along the sub-
ducting interface (interplate) during historical times. Deep
earthquakes inside the subducted plate (intraplate) have been
responsible for the vast majority of infrastructure damage and
casualties in recent years (e.g., Chang and Falit-Baiamonte,
2002) and provide information about mechanical and petro-
logic processes in the downgoing slab (e.g., Ichinose et al.,
2004). Similarly, crustal events at its complex southern
terminus, the Mendocino triple junction, can often involve
diverse structures (Yeck et al, 2023; Hellweg et al, 2024)
and have widespread effects, including the last substantial local
tsunami (Gonzalez et al., 1995). The CSZ is an end-member
warm-slab subduction zone and serves as a type locality for
slow earthquakes and related phenomena, which remain enig-
matic and the focus of much study (e.g., Ide and Beroza, 2023).

Owing to the breadth and depth of basic science research
focused on Cascadia, contemporary and legacy data collection
efforts, and technological innovations, the CSZ provides an
environment conducive to further progress in subduction zone

Full author list and affiliations appear at the end of this article.
*Corresponding author: dmelgarm@uoregon.edu

© Seismological Society of America

Seismological Research Letters 1

Downloaded from pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220250318/8085265/srl-2025318.1.pdf by Univ of California Davis Serials Dept user on 02 September 2026


https://orcid.org/0000-0001-6259-1852
https://doi.org/10.1785/0220250318

48°

44°

-128°

-124° -120°

Figure 1. Overview of earthquake hazards along the Cascadia
subduction zone (CSZ). Colors and contours are the modified
Mercalli intensity (MMI) levels with a 2% probability of exceedance
in a return period of 50 yr. Estimates are from the United States
(US) and Canada (CAN) official seismic hazard maps (Kolaj et al.,
2023; Petersen et al., 2024); note the clear discontinuity at the
U.S.-Canada border reflective of different methodologies used.
Tsunami amplitudes for the U.S. coastline are shown and come
from the XXL1 rupture model used for evacuation planning in the
region (Witter et al., 2011). Population density estimates are from
LandScan (Weber et al., 2022; Lebakula et al., 2024). Population
centers labeled are (Vic)toria, (Van)couver, (Sea)ttle, (Por)tland,
(Eug)ene, (Med)ford, and (Red)ding. Background shaded relief and
bathymetric maps are sourced from Becker et al. (2009). The color
version of this figure is available only in the electronic edition.

science. For example, data acquired during on- and offshore
data collection efforts (e.g., Toomey et al., 2014; Carbotte et al.,
2024) have revealed new insights into the structure of both the
downgoing and overriding plates. This structure, and many
other geophysical observables, vary considerably along the
strike of the Cascadia fore-arc, providing an opportunity to
understand the causes and effects of segmentation (e.g.,
Delph et al., 2021; Carbotte et al., 2024). For some applications,
machine learning and artificial intelligence can be deployed to
analyze large volumes of data faster and more accurately than
humans can (e.g., Kong et al., 2019). This capability enables the
creation of high-resolution catalogs of microseismicity that can
be used to determine multiscale fault structure, probe fault
rheology in space and time, estimate future ground motions,
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and so forth. Noise interferometry and distributed acoustic
sensing can yield better characterization of shallow velocity
structure (e.g., Wang et al., 2019; Spica et al., 2020), which
can be used to estimate future strong ground motions. Finally,
the neighboring Gorda and Explorer microplates, Queen
Charlotte, and Mendocino triple junctions provide opportuni-
ties to elucidate the complex stress and deformation patterns
resulting from plate boundary interactions and better under-
stand the implications for hazard (Littel et al., 2023; Hellweg
et al., 2024).

In both the United States and Canada, the CSZ is recognized
as a substantial source of seismic hazard (Fig. 1). Though our
western understanding of the threats posed by the CSZ only
took hold in the 1980s (e.g., Atwater, 1987), the rich native
oral traditions from Tribes across the region have warned of
Cascadia’s seismicity for centuries and are an important
archive of regional and local hazards (Thrush and Ludwin,
2007). It is now widely understood that there is a high risk
for loss of life, injury, and damage to physical infrastructure
from a variety of different seismic and tsunami sources. The
U.S. National Seismic Hazard Model (NSHM), as well as
the Canadian seismic hazard model (CASHM), draw from
the state-of-the-art knowledge of earthquake science (Kolaj
et al., 2023; Petersen et al., 2024). Both predict high likelihood
of strong shaking (modified Mercalli intensity > 6-7) in almost
all population centers throughout the region (Fig. 1). However,
most major infrastructure in the region predates 1980, and the
unreinforced masonry, impossibly long tsunami evacuation
distances, precarious lifelines, and other fragilities that remain
pose unresolved challenges to public safety and lower resilience
(Raghunandan et al., 2015; Wood et al., 2015, 2016). Tsunami
impact maps routinely show inundation of entire towns and
incapacitation of emergency response buildings and other criti-
cal facilities (e.g., Oregon Department of Geology and Mineral
Industries, 2013). Losses of up to $100-$300 billion U.S. dol-
lars can be expected (e.g., Belenky et al., 2014), with decades of
economic and social impacts reverberating nationally due to
business interruption and displaced populations (Oregon
Seismic Safety Policy Advisory Commission [OSSPAC], 2013).

Scientifically, the CSZ has been home to many key discov-
eries, and still today presents a diversity and breadth of open
questions. In addition, there is a deep need in the region for
research as one of many tools toward societal needs, requiring
capacity building in the workforce (Sahakian et al., 2026).
A nexus for the scientific community in partnership with
regional resilience and workforce development entities could
accelerate the progress of scientific advances, positioned within
a societal framework.

Cascadia Region Earthquake Science
Center (CRESCENT)

In 2023, the National Science Foundation funded the Cascadia
Region Earthquake Science Center, CRESCENT. CRESCENT
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(2026). Henceforth, we focus on
the Science Planning pillar of
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into five working groups (WGs,
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Figure 2. Three pillars that are the foundation of CRESCENT. The color version of this figure is

available only in the electronic edition.

detailed in following sections of
this article.

CRESCENT resources and
activities are geared toward sup-
porting individual goals of each
of the three pillars (Fig. 2).
These resources include a dedi-
cated cyberinfrastructure and

is the nation’s first subduction zone earthquake hazards center
—a nexus for earthquake science and hazards research.
CRESCENT"s three pillars focus on doing scientific research
contextualized by and designed for advancing our basic under-
standing of processes in tandem with addressing societal needs
and building capacity in the necessary workforce (Sahakian
et al., 2026; Fig. 2).

CRESCENT's first goal is to advance foundational understand-
ing of CSZ earthquakes and their associated hazards, and to trans-
fer this knowledge to other subduction zones. To accomplish this,
CRESCENT’s activities are separated among three interconnected
pillars (Fig. 2): Science Planning, Geoscience Education and
Inclusion (GEI), and Partnerships and Applications (P&A).
The GEI and P&A pillars have the goals of expanding access
to modern geoscience careers and of connecting the science of
CRESCENT to the broad geohazards community of practice; they
are described in detail in the companion piece by Sahakian et al.
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development team for creating
tools to visualize and dissemi-
nate research products, creating open-source software that facil-
itates community participation in research, and support for
developing and documenting center research products so that
CRESCENT science is transparent and reproducible (Wilkinson
et al., 2016). We note that the scope of the challenge is much
larger than what CRESCENT alone can tackle, so that the center
also includes activities meant to foster nascent ideas outside of
the core mission of the pillars, such as the seed grant program
that has two objectives: to increase the breadth of the community
involved in CSZ research and to expand the scope of scientific
questions related to the center’s objectives. A request for propos-
als is typically released each fall (see Data and Resources).

Systems Level Approach to Subduction
Zone Geohazards

Although the CSZ has been the subject of intense scientific
scrutiny, there are many areas where foundational research
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(Fig. 3) is still necessary, and CRESCENT’s WGs and SIGs
were designed to address this need. The following is a brief
overview of the outstanding major science questions related to
the CSZ motivating the WGs and SIGs and summaries of the
activities of each.

State of knowledge

Cascadia is a 1200 km long subduction zone that accommo-
dates 30-40 mm/yr of relative motion between the Juan de
Fuca and North American plates (Fig. 4) (DeMets et al., 2010).
Paleoseismic studies find evidence for 14 full-margin ruptures
in the last 7700 yr, indicating that recurrence intervals average
to 550 yr for these M 9+ earthquakes (Atwater and Hemphill-
Haley, 1997; Goldfinger et al., 2012; Walton et al., 2021). There
is also abundant evidence for partial ruptures in onshore and
offshore paleoseismic data where studies show that earth-
quakes occur more frequently in southern Cascadia (Nelson
et al, 2006; Goldfinger et al, 2017; Walton et al, 2021).
Modern estimates of strain accumulation from space geodesy
(Schmalzle et al., 2014; Li et al., 2018) indicate that plate cou-
pling varies along strike, suggesting that the plate boundary has
considerable along-strike variability (Fig. 5). The margin is
often divided into three potential segments, with the northern
and southern segments characterized by rapid geodetic and
geomorphic uplift rates, rapid erosion rates, high coseismic
subsidence during great megathrust ruptures, shallower slab
dip angles, and increased plate coupling as compared with
the central segment (e.g., Schmalzle et al., 2014; Figs. 4 and
5). However, there is still considerable debate on the overall
patchiness, timing, and spatial location of segmentation and
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Figure 3. Foundational research foci of CRESCENT and of
Cascadia subduction zone (CSZ) earthquake hazards. Modified
from Walton et al. (2021). The color version of this figure is
available only in the electronic edition.

megathrust coupling along the plate interface (Nelson et al.,
2006; Wang et al., 2013; Hutchinson and Clague, 2017;
Melgar, 2021).

One characteristic of the CSZ that sets it apart from all other
global subduction systems is the apparent dearth of everyday
plate-boundary seismicity recorded in the instrumental era.
The megathrust is anomalously quiet, with only a few isolated
clusters of earthquakes (e.g., Tréhu et al., 2015; Bostock et al.,
2019). Damaging events have originated in either the shallow
crust (e.g., Scotts Mills M 5.6 earthquake in 1993) or deep from
within the subducting slab (ie., intraplate), the most recent
being the 2001 M 6.8 Nisqually earthquake (Ichinose et al.,
2004) beneath southern Puget Sound. Despite the reduced
rates of interplate earthquakes, the Cascadia megathrust is rich
in diverse types of seismic and aseismic activity. Geodetic and
seismic data have revealed that at depths of 25-40 km, the
plate-boundary slips regularly in slow-slip events (SSEs, Rogers
and Dragert, 2003), which also produce tremor. This area is
often referred to as the episodic tremor and slip (ETS) zone.
Fluids appear to be intimately linked to the distribution of shal-
low crustal seismicity and SSEs, providing the opportunity to
further understand the relationship between fluids and seismo-
genesis (Bostock et al, 2019). Furthermore, paleoseismic
research in the past 20 yr indicates that the hazard from
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Figure 4. Geological context of the Pacific Northwest showing: geodetic vectors relative to stable North
America (orange arrows; DeMets et al., 2010; DeSantos et al., 2025); onshore paleoseismic obser-
vation locations (Staisch and Walton, 2022); offshore turbidite cores (Goldfinger et al., 2012); the
trench from Slab2 (Hayes et al., 2018); and plate boundary and upper crustal fault structures (bold and
thin red lines, respectively) (U.S. Geological Survey, 2020). A revised community fault model (CFM)
could include an effort to digitize faults from the Mendocino triple junction to the California—-Oregon
border. Background shaded relief and bathymetric maps are sourced from Becker et al. (2009). YFTB,
Yakima fold and thrust belt. The color version of this figure is available only in the electronic edition.

events is substantial and places
these densely populated urban
regions (Figs. 1 and 4) at great
risk (Nelson et al, 2014;
Frankel et al., 2015).

The CSZ is a source of earth-
quake and tsunami hazards for
the Pacific Northwest. Estimates
of strain accumulation com-
bined with the 325 years since
the last M 9 event suggest that
the megathrust has accrued
enough slip deficit to produce
anywhere from an M 89 to a
9.1 earthquake (Chapman and
Melbourne, 2009). Such large
events would result in wide-
spread, strong ground motions
for which likelihoods and details
are still poorly understood. For
example, sedimentary basins,
where most of the region’s pop-
ulation resides, will intensify
and extend shaking duration
by often unknown amounts
(Wirth et al., 2022). In addition,
there is the potential for cata-
strophic and more impulsive
ground shaking from other
earthquake sources such as
intraplate events. In addition,
in the offshore portion of the
system, strain accumulation
and fault architecture, particu-
larly in the near-trench region,
is not well known either (e.g.,
Wang and Tréhu, 2016). As a
result of this limited knowledge,
our ability to estimate tsunami
impacts remains only rudimen-
tary even if geologic and histori-
cal data indicate that inundation
will be widespread and quite
likely catastrophic (Wood et al.,
2015).

CRESCENT's WGs

Understanding of the tectonics,
structure, and mechanics of the
CSZ has increased significantly

upper-plate faults underlying the Puget Lowland (e.g., the  in the last ~30 yr, yet a complete understanding of its associated
Seattle fault, Black et al., 2023), the Willamette Valley (Horst  hazards remains a scientific and societal challenge. Working in
et al., 2021), and other structures capable of hosting M ~ 7  partnership with regional hazard assessment agencies (Sahakian
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Figure 5. Geophysical and geologic datasets illustrating along-strike
variability of the Cascadia subduction zone, adapted from Walton
et al. (2021). The left panel highlights structures on the incoming
plate and megathrust, including time-averaged episodic tremor
and slip (ETS) slip-rate contours (Bartlow, 2020) and seismicity from
Stone et al. (2018), with dense clusters near 44.3° and 44.6°
coinciding with subducted seamounts inferred from magnetic and
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et al., 2026), CRESCENT’s WGs consist of scientists, engineers,
and educators who develop tools and products that can enable
transformational basic science research and increase the effects
science has on hazards, risk, and resilience. Some WGs focus on
synthesis and integration of information into community mod-
els so that products are relevant to basic and applied science.
Others will develop tools to advance the understanding of sub-
duction zone processes at the CSZ. Each WG gathers frequently
to ensure progress on their respective charges. WGs also organ-
ize workshops on topics of widespread interest to the scientific
community, such as subduction zone fluids and tsunamis. Each
WG will also organize technical short courses to further
CRESCENT'’s workforce development goals. Finally, WGs regu-
larly engage with one another to collectively navigate inter-
dependency and overall consistency between their products.
The WGs have broad community buy-in (see center website
for participants list, see Data and Resources) and a rotating
membership that aims to represent a cross-section of the com-
munity. A mailing list managed through that website is open for
anyone to join and used to keep community members apprised
of events and ways to engage with and participate in
CRESCENT. In the sections that follow, we describe each of
the five WGs.

Shoreline-crossing community velocity model. Accurate
velocity structure models at a variety of scales along the CSZ
can advance understanding of large- and small-scale features
and processes in the region. They can also serve as founda-
tional datasets for related basic and applied science activities.
In pursuit of a more comprehensive understanding of large-
scale processes, several questions remain. For example, what
are the effects of the CSZ, bracketed by major active transform
boundaries to the north and south (Fig. 4), on the hetero-
geneity of mantle flow beneath the subducting plate (e.g.,
Zandt and Humphreys, 2008; Bodmer et al, 2018)? In turn,
what influence does this upper mantle structure and astheno-
spheric flow have on the shape of the slab and on the conse-
quent stress state within the slab? Moreover, what is the
interaction between variable along-margin seismic velocities
and tectonic behavior, and how does this impact future earth-
quake hazards? Spatial correlation between variations in down-
dip coupling, tremor density, and fluid distribution suggests
that geologic and structural controls on the interface properties
of the megathrust are considerable (Bodmer et al., 2018; Delph
et al., 2018, 2021). On the other hand, seismic tomography
reveals low-velocity anomalies beneath the fore-arc slab in
the northern and southern parts of the CSZ, which are inferred
to be regions of partial melt, resulting from localized upwel-
lings, and regions of positive mantle buoyancy (Bodmer
et al., 2018). The cause-and-effect relationship between veloc-
ities, densities, fluids, and geodynamics remains an outstand-
ing problem that has implications for understanding the
occurrence of full-margin versus segmented ruptures, as well
Volume XX« Number XX
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as seismogenic width and resulting onshore ground motions
(Wirth and Frankel, 2019; Melgar et al., 2022).

A first step to support advancing our understanding of these
topics and the underlying science is constructing and maintain-
ing a unified CVM representative of the CSZ and surroundings,
containing multiscale properties throughout the lithosphere. In
addition to controls on large megathrust sources, physical prop-
erties also play a key role in the modulation and amplification of
the seismic wavefield. The overriding plate and crust will form
the wavefield’s path from megathrust source to surface, but we
have yet to fully image and constrain large low-velocity struc-
tures at those depths and their focusing effects on wave propa-
gation (Abers, 2005; Furumura, 2005; Mann and Abers, 2020;
Sahakian et al, 2018). Near the surface, much work on the
effects of shallow structure has focused on the likely amplifica-
tion of ground motion in the Seattle basin (Olsen et al., 2008;
Wirth and Frankel, 2019; Roten et al, 2020; Thompson et al.,
2020; Rekoske et al., 2022), but other basins remain less well
studied such as those containing the Portland and Tualatin met-
ropolitan areas (Frankel and Grant, 2021), and the Willamette
Valley (Silva et al., 1998). Even more poorly characterized are
the contacts between these basins and the surrounding
Cascadian topography. Basin edges are major amplifiers of
ground motion (e.g., Brissaud et al., 2020) where better con-
straints could improve hazard and risk estimates.

The CVM WG will work with the community to gather,
combine, and validate existing velocity models and metadata
for the CSZ, collaborate with the U.S. Geological Survey
(USGS) to build upon the Stephenson et al. (2017) model,
and develop a robust CVM. The development of a CVM
involves several key steps to enhance understanding of the
outer fore-arc region. First, the group will compile existing
structural and velocity models, integrating data from receiver
function studies, regional-scale tomography, crustal studies,
and high-resolution marine and onshore-offshore experiments
(e.g., Carbotte et al., 2024). Validation frameworks and gridded
information on input sources will support misfit analyses and
earthquake simulations. The CVM WG will document meth-
ods used to construct the model, model results, uncertainties,
and recommendations for future iterations. Community work-
shops and technical courses led by the WG will focus on CVM
development, use, and validation. Finally, the CVM will be
ported to commonly used file formats, ensuring long-term
accessibility by a broad community of users.

Shoreline-crossing CFM. Beyond the megathrust, crustal
earthquakes in the North American upper plate and the Juan
de Fuca lower plate are some of the most poorly constrained
potential earthquake sources in Cascadia. Both upper plate
and intraslab noninterface earthquakes, and their causative struc-
tures, are frequently near population centers (Fig. 4; Frankel et al.,
2015) and have potential for substantial coseismic and cascading
hazards. Intraplate slab and shallow upper-plate earthquakes
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dominate the U.S. National Seismic Hazard Model in this region
(Petersen et al., 2020), with a Nisqually-like rupture on the down-
going slab considered as one of the most likely future damaging
events in the region.

Development of a CFM WG will serve at least three critical
functions. First, it serves as a foundation of fault geometric char-
acteristics and event histories that are inputs into characteriza-
tion of upper-plate hazards (Wells and Coppersmith, 1994;
Barnett et al., 2010; Biasi and Wesnousky, 2016). Paleoseismic
investigations in the northern Puget Lowland (Nelson et al.,
2014; Personius et al., 2014; Schermer et al., 2020; and others)
indicate that shaking and hazard from a regional shallow upper-
plate earthquake is likely to be similar to that of a megathrust
M 9 CSZ event. A substantial amount of the regional population
is concentrated in the Puget-Willamette Lowland, which indi-
cates that upper-plate faults likely dominate the risk profile.
Upper-plate earthquake ruptures at other subduction plate
boundaries have proven to be complex in their magnitude and
frequency content, are spatially distributed, and consequently,
are highly destructive (e.g., Hamling et al, 2017; West et al.,
2020). Second, stress modeling studies demonstrate that paleo-
seismology and well-constrained fault topology in 3D are neces-
sary prerequisites to understand fault interaction (Sherrod and
Gomberg, 2014;Delano et al., 2017; Duckworth et al, 2021).
Models of earthquake triggering indicate that stress transfer
modulates the behavior of faults on earthquake and multiearth-
quake timescales (Stein et al., 1997; Goldfinger et al., 2008). For
example, it has been posited that upper-plate faults interact with
the Cascadia megathrust, but the issue remains unresolved and is
of fundamental importance (Sherrod and Gomberg, 2014;
Goldfinger et al., 2025). The 1992 M 7.1 Cape Mendocino event,
potentially the last large event to occur on the subduction inter-
face, had a locally recorded acceleration of 2¢g (Oglesby and
Archuleta, 1997). Relocations of slab seismicity and aftershocks
also allow for an alternative view in which the mainshock
occurred on a shallow upper-plate thrust above the plate boun-
dary, so its exact relation to the megathrust remains debated
(Oppenheimer et al., 1993; Murray et al., 1996; Guo et al.,
2021). In addition, splay faults in the accretionary prism offshore
may strongly influence the characteristics of both near- and far-
field tsunamis (Priest ef al., 2010; Wang and Tréhu, 2016; Aslam
et al., 2021; Walton et al., 2021; Watt and Brothers, 2021). The
CFM WG will use new (ie., Carbotte et al, 2024) and legacy
geophysical data to provide detailed geometrical constraints
on these Quaternary active structures that extend offshore.

The CFM WG fault model building efforts will be conducted
in partnership with the USGS NSHM group to establish fault
quality standards for inclusion in the CEM. The working group
will synthesize fault system information from the NSHM
(Fig. 1), along with historical and recent studies of onshore
and offshore faults (Figs. 4 and 5), and incorporate active-fault
characteristics such as event chronology, slip rates, earthquake
magnitudes, and timing of the last known events. The eventual
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database will provide detailed information on fault locations,
topology, and attributes like geodetic block correspondence
and historical earthquake parameters where available. The
CEM group will also lead technical short courses focused on
identifying fault interaction, coupling, and fault behavior across
timescales.

Cascadia paleoseismology. Paleoseismic studies along sub-
duction zones and upper crustal fault systems provide insight
into the long-term fault behavior and the response of the
Earth’s surface to fault displacement, which provide boundary
conditions for geodetic models, place first-order constraints on
rupture models, and inform regional seismic hazard assessments
(Fig. 1, Field et al.,, 2015; Morell et al., 2020). The coastal and
offshore paleoseismic datasets along the Cascadia subduction
zone are some of the longest and most detailed records of mega-
thrust events globally (Walton et al., 2021); however, uncertain-
ties remain on the timing of past events, synchroneity of
evidence at multiple sites, and how variable CSZ earthquake
hazards are based on the paleoearthquake records (Nelson,
1992; Melgar, 2021; Nelson et al., 2021; Staisch, 2024).
Within tidal wetlands, sharp stratigraphic contacts consisting
of organic-rich soils overlain by minerogenic tidal mud represent
sudden coseismic subsidence of the coast (Nelson ef al., 1996). At
some sites, anomalous sand and silt layers signaling high-energy
tsunami inundation, sediment transport, and deposition are
found at the soil-mud contacts (Witter et al, 2013). Recent
advances in statistical methods for quantifying coastal subsidence
(Milker et al., 2016; Padgett et al, 2021) and in using detailed
tsunami sand mapping to identify past event inundation
(Bosnic et al., 2021; La Selle et al., 2024; Small et al., 2025) have
improved our understanding of site-specific hazards and exposed
along-strike variability in past events (Wang et al., 2003; Kemp
et al., 2018; Wirth and Frankel, 2019). At present, detailed map-
ping of coastal stratigraphy and sedimentology, along with high-
resolution microfossil-based relative sea-level reconstructions
using diatoms and foraminifera, produce the most accurate
and precise estimates of vertical deformation during coseismic
and interseismic land-level change and tsunami inundation esti-
mates (Horton et al., 2000). Using these techniques, the coastal
impact from past great (M,, > 8) earthquakes that reach as far
back as 7 ka have been reconstructed at sites spanning the CSZ
(e.g., Atwater et al., 1995; Atwater and Hemphill-Haley, 1997;
Witter et al., 2003; Nelson et al., 2006, 2021). The application
of these state-of-the-art techniques is currently spatially and tem-
porally limited in Cascadia. The Cascadia Paleoseismology
(CPAL) WG is poised to contribute to the CRESCENT commu-
nity by expanding these techniques spatially and temporally.
Despite the CSZ having a relatively comprehensive paleo-
seismic catalog, records are variable in their stratigraphic con-
tinuity and length, have varied age-control quality, and often
lack quantitative estimates of coseismic land-level change and
detailed tsunami deposit mapping (Nelson et al., 2021). These
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data gaps allow for many nonunique rupture scenarios that all
fit the paleoseismic constraints and thus preclude refining haz-
ard uncertainty (Walton et al., 2021). In addition to onshore
paleoseismic data, offshore turbidite datasets have previously
been used to complement coastal CSZ paleoseismology (e.g.,
Goldfinger et al., 2012, 2017) and have been robustly applied
along other subduction zone margins to identify event syn-
chronicity (e.g., Pizer et al., 2024). Recent efforts focused on
better constraining the precision and accuracy of age control
and correlation of offshore paleoseismic data in Cascadia
(Staisch, 2024; Nieminski et al., 2025) highlight that high-res-
olution offshore paleoseismology and refined age analysis may
resolve important questions on past earthquake frequency and
rupture length. Although outside the scope of CPAL’s efforts,
existing and upcoming offshore paleoseismic datasets will be
incorporated and evaluated alongside onshore datasets for syn-
thesis and interpretation.

CPAL aims to characterize the spatial and temporal patterns
of coseismic land-level change and tsunami inundation from
past CSZ earthquakes to inform kinematic and dynamic rup-
ture models of past and future events (including upper plate,
megathrust, and intraplate). To achieve this goal, CPAL will
build a community of practice in collaboration between geol-
ogists and geophysicists with the shared objective of integrat-
ing paleoseismic data as constraints into models. CPAL will
leverage the comprehensive paleoseismic databases (e.g.,
land-level change estimates, earthquake chronologies, and tsu-
nami inundation extents) recently created by the USGS Powell
Center Cascadia Earthquake Hazards group to target data gaps
for new field and laboratory work (Staisch, 2024). CPAL mem-
bers will visit coastal sites spanning northern California to
southern Canada to generate new quantitative land-level change
estimates, refine earthquake chronologies, and map the inland
extent of tsunami deposits in areas where limited or imprecise
data have previously made it difficult to validate models of
dynamic rupture, tsunamigenesis, and the earthquake cycle.
This WG will incorporate the new paleoseismic data into an
updated comprehensive online repository together with the
existing USGS dataset. To facilitate quantitative coastal land-
level change analyses, the WG will develop a community-built
microfossil taxonomy and photo database and a related website
to support more accessible and standardized microfossil analy-
sis. Fieldwork and laboratory analyses will also target coastal
sites with known active upper-plate structures where coseismic
land-level change estimates may record deformation on shallow
crustal structures, ultimately leading to a better understanding of
megathrust-upper-plate fault coupling,

Dynamic rupture, earthquake cycle, and tsunami
modeling. Assessing the contribution of processes and
physical properties to Cascadia rupture scenarios can enhance
understanding of megathrust rupture behaviors, which are
required to produce accurate forecasts of future earthquake
Volume XX« Number XX
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and tsunami hazards (e.g., Fig. 1). Factors that govern the
nature of rupture propagation and eventual arrest during meg-
athrust events include the amount of accumulated strain, the
geometry and roughness of the fault plane, the rheologic prop-
erties of the materials present in and surrounding the fault
zone, the pore-fluid pressure distribution, and the ambient
temperature distribution.

In the CSZ, along-strike variability has been proposed for the
megathrust based on upper-plate geologic properties (Wells
et al, 2014), plate morphology and geometry (e.g., Bletery
et al., 2017; Bodmer et al., 2018), lower plate properties (e.g.,
Schmalzle et al, 2014), evidence for along-strike differences
in coastal coseismic subsidence (e.g., Wang et al., 2013), and
observations of differences in episodic tremor and slip events
along the margin (e.g., Brudzinski and Allen, 2007). How spe-
cifically these variations influence rupture propagation is an
open question. In addition to this along-strike variability, ther-
mopetrologic structure exerts a first-order control on the up-dip
and down-dip limits of rupture, with the seismogenic zone
bounded by clay dehydration reactions up-dip and by the tran-
sition to a warm, potentially serpentinized mantle wedge down-
dip (Hyndman et al., 1997; Wang and Tréhu, 2016; Wang,
2024). This down-dip limit, especially whether rupture extends
into or past it, has important implications for ground motions in
all the major population centers in the Pacific Northwest (e.g.,
Wirth and Frankel, 2019; Melgar et al., 2022). Geodetic obser-
vations indicate that there is some strain accumulation just
above the ETS region (Fig. 5), yet it has hosted only one
long-duration SSE (Nguyen and Schmidt, 2021); it is still
unknown how strain accumulation just above the ETS zone
potentially contributes to coseismic rupture. Further down-
dip, in the ETS region, seismic imaging, tremor, and low-fre-
quency earthquake studies indicate the presence of fluids at
nearly lithostatic pore-fluid pressures, and that faults in these
areas exist under very low effective stress (e.g., Rubinstein
et al., 2007; Audet et al, 2009; Houston et al, 2011; Royer
et al., 2015; Delph et al., 2018; Delph et al., 2021). Stress state,
fault architecture, and fluid pressure are first-order controls on
rupture propagation, so enhancing our understanding of not
only the fluid distribution along the megathrust, particularly
the ETS region, but also the architecture of faults hosting
ETS processes could help better discern associated rupture
behavior and the resulting ground motions.

The dynamic rupture, earthquake cycle, and tsunami mod-
eling (DET) WG will focus on investigating these questions.
The utility and relevance of their models hinge on assumptions
and deterministic inputs: structure and geometry, material
properties and rheology (elastic and inelastic), stresses and
pore pressure, fault rheology and friction, and other processes
governing fault strength evolution (Harris et al., 2018; Erickson
et al., 2020). They will also require geological inputs from other
WGs, including onshore-offshore fault and velocity models
(CFM and CVM) and observations of coseismic coastal
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subsidence (CPAL). Unlike single-event dynamic rupture sim-
ulations, fully 3D multiearthquake cycle modeling is less
mature but can increase understanding of longer term dynam-
ics, multisegment rupture probabilities, and slip behavior in
the gap between the locked seismogenic and ETS zones, which
represent a distinct rheological domain (e.g., Gao and Wang,
2017). To account for stress redistribution and connect to geo-
detic and related constraints on fault coupling and slip history
(Gallovi¢ et al., 2019; Hirahara and Nishikiori, 2019; Li and
Liu, 2021), this group will model the earthquake cycle time-
scale of hundreds to thousands of years, including aseismic
and slow slip, as well as past earthquakes, and connect with
the CPAL WG to validate these models with long-term pale-
oseismology proxies.

The DET WG will develop models of the CSZ that further
our knowledge of basic processes such as earthquake rupture
dynamics, multisegment rupture probabilities, shallow defor-
mation and tsunamigenesis, fluid production and migration,
and deep deformation and SSEs. SeisSol is an open-source
3D code designed for modeling dynamic ruptures, ground
motion, and tsunamis in the coupled solid Earth-ocean system
(e.g., Ramos et al., 2021; Ulrich et al., 2022). It has demon-
strated high performance on advanced supercomputers
(Krenz et al., 2021) and will be used by DET to model scenario
events in the CSZ. These models will integrate constraints on
material structure and faults provided by other WGs, with a
special emphasis on shallow rupture behavior, distributed
inelastic sediment deformation, slip on splay faults, and inter-
actions with upper-plate faults. The group will produce SeisSol
input files tailored to Cascadia for dynamic rupture and tsu-
nami generation modeling, making them available for commu-
nity research. DET will also conduct verification exercises for
earthquake cycle modeling codes, addressing megathrust-spe-
cific challenges and gradually incorporating processes such as
SSEs, with validation using data products like SSE catalogs.
DET will also develop advanced, open-source 3D earthquake
cycle codes specific to Cascadia, incorporating realistic struc-
tures, temperature-dependent viscoelasticity, fluid transport,
pore-pressure evolution, and slow slip, guided by multidiscipli-
nary discussions at CRESCENT workshops.

Coupling, seismicity, and slow slip. Both Global
Navigation Satellite System (GNSS) and other geodetic esti-
mates of strain accumulation indicate that interplate coupling
between the Juan de Fuca and North American plates varies
considerably along strike (Fig. 5), supporting a model in which
the CSZ is potentially segmented into distinct northern,
central, and southern sections. A notable spatial correlation
between the down-dip limit coupling, tremor density, and fluid
distribution inferred from electrical resistivity studies suggests
that these fluids play a key role in putative segmentation
(Egbert et al, 2022). However, major uncertainties remain
regarding the degree of coupling patchiness within segments,
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the precise locations of segment boundaries, and the persist-
ence of those boundaries over multiple earthquake cycles
(Nelson et al, 2006; Wang et al., 2013; Hutchinson and
Clague, 2017; Melgar, 2021). In addition, viscoelastic rheology
of the fore-arc and mantle wedge strongly influences how
interplate stress is accumulated and redistributed through
the cycle, so interpretations of coupling patterns and segmen-
tation from geodetic data must be framed within viscoelastic
Earth models (e.g., Wang and Tréhu, 2016). Constraining both
the exact heterogeneity of coupling and the nature of potential
segment boundaries can aid in assessment of Cascadia hazards.
In other subduction zones, such as Ecuador and Japan, regions
of strong interseismic coupling have been shown to correlate
with the eventual coseismic slip during large megathrust earth-
quakes (Nocquet et al, 2017). Coupling also potentially
influences key rupture characteristics that control seismic haz-
ard, including rise time, stress drop, and slip distribution, which
collectively affect high-frequency ground motion. Whether seis-
mogenic rupture can propagate into the ETS zone (Fig. 5) has
direct implications for the major population centers of the Puget
Sound and Willamette Valley, which lie directly above it
(Chapman and Melbourne, 2009; Melgar et al., 2022). Because
slow slip and associated nonvolcanic tremor (e.g., Obara, 2002)
perturb the geodetically measured deformation field, seismicity,
coupling, and transient slip must be jointly modeled to accu-
rately assess hazards.

The coupling, slow slip, and seismicity (C3S) WG will
develop a comprehensive, time-dependent model of strain accu-
mulation and release in Cascadia. C3S will work to develop
an interseismic velocity field based on the best available 3D
rheological structure of the CSZ and constrained by Global
Positioning System/GNSS, Interferometric Synthetic Aperture
Radar, tide gauge data, and other measures of the surface defor-
mation field. Initial work will focus on elastic deformation, and
the WG will also make progress toward developing a viscoelastic
model in later years. The WG will use this surface velocity model
in conjunction with a block model of Cascadia to simultaneously
estimate deformation rates at block boundaries and interseismic
strain accumulation on the megathrust. Once established, the
WG will develop a seismogeodetic detection framework to iden-
tify meaningful departures from this velocity field indicative of
SSEs, changes in coupling, or other transient deformation proc-
esses. Slip transients will be characterized using kinematic slip
inversions when possible. C3S will also leverage new deep learn-
ing tools to create a high-resolution seismicity catalog for
Cascadia derived from both onshore and offshore legacy seismic
data. This catalog will include both traditional seismicity and
nontraditional seismicity such as low-frequency and very-
low-frequency earthquakes. C3S will compare distributions of
seismicity, along with geodetically inferred slip, to explore inter-
actions between different strain release mechanisms and any
triggering therein. Moreover, a key goal for the catalog is to inte-
grate the improved 3D velocity models from the CVM WG to
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facilitate accurate earthquake locations and better understand
the relationship between the seismicity and the faults identified
by the CFM WG.

CRESCENT's special interest groups (SIGs)
CRESCENT’s SIGs will pay special attention to frontier science
that will help steer center activities toward future hazards
research. SIGs' objectives center around areas that may even-
tually become fully formed WGs in CRESCENT.

Offshore geophysical observations. The surface expres-
sion of the CSZ plate margin is offshore, as is most of the coupled
zone where strain is accumulating (Figs. 1 and 5). Furthermore,
the long-term deformation and structure of the marine fore-arc
(e.g., distribution and size of splay faults) may reflect the inte-
grated frequency and size of megathrust earthquakes (Rosenau
et al., 2009) and influence and act as a backstop to future tsunami
sources (e.g., Booth-Rea et al., 2008; Han et al., 2017; Watt and
Brothers, 2021; Lucas et al, 2021). Enhancing the quality and
quantity of offshore geophysical experiments in Cascadia (e.g.,
Toomey et al., 2014) can support and advance CRESCENT sci-
ence goals. In response, the Offshore Observations SIG will
gather broad community input on observational needs and pri-
orities and will identify specific areas for accelerated progress
through coordination and the development of collaborations that
link the academic community, federal and state agencies, private
companies, and international partners. Specific tasks include (1)
coordinating nascent efforts to evaluate offshore distributed
acoustic sensing; (2) planning for expanded geodetic observa-
tions to measure both secular strain and transient fault slip;
(3) developing plans to improve geophysical instrumentation
on the nodes of the Ocean Observatories Initiative (OOI)
Regional Cabled Array (RCA) off central Oregon; (4) seeking
opportunities to expand high-resolution seafloor mapping using
autonomous vehicles; (5) expanding the OOI RCA to support
research on early warning technologies and a prototype offshore
early warning system; (6) obtaining multichannel seismic data in
less well-sampled regions such as the Washington margin; and
(7) exploring collaborations with the physical oceanographic
community to improve the resolution of seafloor geodetic data.

Frontiers in ground-motion modeling. Translating fun-
damental scientific advances in the CSZ to their implications
for strong ground motion in the region is key to improving our
understanding of seismic hazards, their subsequent risks and
impacts. This requires empirical input, high-end computing
and modeling, and validation with geologic proxies. It also
involves time-dependent monitoring of the shallow subsurface
in Cascadia and its nonlinear behavior (Boore and Joyner,
1997; TenCate et al., 2004; Choi and Stewart, 2005) as it con-
tinuously undergoes modifications due to tectonic, environ-
mental, and anthropogenic forcings (Richter et al., 2014; St.
Cloair et al., 2015; Viens et al., 2018). Recent years have seen
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an influx of new data that can help in these efforts and enhance
the current Stephenson et al. (2017) velocity model (e.g.,
Carbotte et al, 2024), especially at shallow depths. The
ground-motion modeling (GMM) SIG will be a collaborative
effort charged with improving our understanding of ground
motion by both empirical and physics-based means.
Specifically, GMM will (1) collaborate closely with the USGS
and others carrying out research in the sphere of empirical
ground-motion estimation and high-performance propagation
models; (2) work closely with the DET and CVM WGs to lay
down the foundation for dynamic ruptures and velocity mod-
els to be applied to understanding strong motions; (3) host and
facilitate bi-monthly to quarterly meetings between workers
and stakeholders in the field; and (4) align itself with stake-
holders (i.e., academic engineering community, federal and
state agencies, the Cascadia Lifelines Program (CLiP), and
many more) to provide estimates of ground motion.

Liquefaction, landslides, and ground failure. Near-sur-
face properties and processes in Cascadia are not only key
indicators of ground motions from moderate to large earth-
quakes but also, intrinsically, impact all cascading hazards from
such events (Unjoh et al., 2012). There is potential for landslides,
liquefaction, lateral spreading, ground failure, and so forth, in
Cascadia where the combination of high-relief landscapes adja-
cent to either broad valley lowlands or coastal plains plays host
to multiple near-surface or at-surface hazards. The central goal
of the SIG is shallow hazards and to translate related
CRESCENT outputs into societally relevant products. This
can only be done in close collaboration with federal and state
agencies (California Geological Survey, Oregon Department
of Geology and Mineral Industries, and Washington State
Department of Natural Resources). In the absence of such
efforts, planning for the direct and indirect impacts of a CSZ
megathrust rupture is speculative, and could hinder strategic
community resilience and recovery planning. To make progress
on these issues, this SIG will (1) host and facilitate workshops
with near-surface hazards specialists; (2) establish and maintain
an interdisciplinary cascading hazards community; and (3) work
closely with the WGs (especially CVM and DET) to ensure their
products accurately reflect the current state of knowledge on
near-surface and cascading hazards. This SIG will also align
itself (4) with the societal resilience and applied science efforts
in CRESCENT as well as (5) other major science-to-society
pipelines (e.g., CLiP, Cascadia Coastlines and Peoples [CoPes]
Hub) to enhance community engagement.

Subduction zone fluids. Fluids make up only a small frac-
tion of the CSZ volume but are a major (if not the primary)
trigger and driver of geohazards in the region. Fluid presence,
pore pressure, and migration within fault zones influence and
trigger slip behaviors over a wide-magnitude range through both
mechanical and geochemical processes (e.g., Wells et al., 2003).
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Along the subduction interface, these fluids are produced by
pore-space compaction, diagenesis, and metamorphic reactions,
suggesting a causal relationship between chemical processes, flu-
ids, and plate-boundary slip behaviors (e.g., Condit et al., 2022).
Through flux melting in the mantle wedge, fluids are also central
to the existence and persistent threat of explosive volcanic erup-
tions (e.g., McGary et al., 2014; Bedrosian et al., 2018). A first
step could be creating a unified database and enhancing under-
standing of CSZ fluids. The subduction zone fluids SIG will lead
that effort and consolidate direct measurements (e.g., borehole)
and indirect proxies (e.g., electrical conductivity, Poisson’s
ratios, spatiotemporal seismicity and tremor distributions,
and studies on exhumed rock) of fluids and work toward cre-
ation of a fluid content model for the CSZ that is empirically,
thermomechanically, and chemically consistent. The fluids SIG’s
specific goals are (1) consolidating direct fluid observations and
proxies of subduction zone fluids in Cascadia; (2) translating
these data into physical estimates of fluid presence, volume,
and so forth; and (3) working toward constructing a fluid con-
tent model that is internally consistent and in sync with the
other community modeling efforts.

Conclusions

CRESCENT was established to address pressing scientific and
societal challenges related to subduction zone earthquake haz-
ards, with an initial geographic and thematic focus on the CSZ.
The center builds on decades of research, leverages a strong
regional community of practice, and coordinates with comple-
mentary efforts locally and at other subduction zone systems
(e.g., Southern California Earthquake Center, CoPES Hazards
Research Hub, subduction zones in four dimensions), and also
prioritizes the aggregation, standardization, and open dissemi-
nation of key observational and model products. These foun-
dational datasets are intended to support both traditional
analyses and emerging approaches, including machine learn-
ing and artificial intelligence (AI) and Bayesian frameworks
that can, for example, interrogate paleoseismic records to
evaluate alternative recurrence models and scenario ensembles,
or lead to adoption of digital twins and use of generative Al
techniques. Novel technologies, such as distributed acoustic
sensing and satellite-based platforms like the NASA-ISRO
SAR Mission, also promise to expand observational capabil-
ities. Although the current scope is ambitious, it reflects only
part of the long-term vision for CRESCENT. The center has a
strong focus on community or consensus approaches upon
which other transformational approaches can be developed.
At the same time, other geohazards such as landslides, volca-
noes, liquefaction, and wildfires remain important, yet lie out-
side the center’s current activities. Over time, CRESCENT aims
to broaden its reach and evolve into an integrated Earth sys-
tems center capable of addressing the full spectrum of cascad-
ing hazards in subduction zone environments. With its unique
tectonic setting, densely populated basins, and rich scientific
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infrastructure, the Pacific Northwest is ideally suited for such
a holistic research enterprise. CRESCENT is building the sci-
entific, computational, and collaborative foundation necessary
for this evolution, with a focus on generating actionable knowl-
edge for earthquake hazard mitigation in the present.

Data and Resources

All data sources are referenced. The Cascadia research-related proposals
are available at https://cascadiaquakes.org/science/#smallgrants. The
working groups have broad community buy-in at https://cascadiaquakes.
org. There are no new data or resources to report for this article. Both the
websites were last accessed in March 2026.
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