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Abstract We use a Bayesian probabilistic framework to invert for the kinematic locking distribution on
the Cascadia Subduction Zone, constrained by surface deformation data and a prior assumption of the lock-
ing pattern. Interseismic surface deformation observations include land and seafloor GNSS data, along with
decades-averagedvertical rates fromspirit leveling. UsingaBayesian inversion framework,weexplorea range
of priors, including different updip and downdip limits and along-strike heterogeneity in locking. Data correc-
tions account for contemporary glacial isostatic adjustment and viscoelastic effects. Themean of the locking
distributions suggests a highly coupledoffshore zone, transitioning to creepat adepth that varies along strike,
with sensitivity to the prior. The shape of the locking distributions varies along strike, with the highest means
near the deformation front and in Central Oregon. Results suggest high probability of strong locking offshore
and low locking deeper than 20 km depth, which can provide insight into associated hazards. This work also
highlights the importance of tradeoffs among different deformation signals. We find that the combined in-
fluence of viscoelasticity and glacial isostatic adjustment is relatively small in Cascadia, on the order of a few
mm/yr vertically, indicating that elastic strain accumulation dominates the contemporary crustal deforma-
tion.

Non-technical summary We study how strain builds up along the Cascadia Subduction Zone, a
major offshore fault that poses significant earthquake and tsunami risks. Using probabilistic methods and
surface motion data from land and seafloor GNSS stations, we estimate where the fault is locked (stuck and
accumulating strain) and where it is creeping slowly. We also account for other factors affecting surface mo-
tion, suchas land rebounding fromglaciationand the slow relaxationof stress in theuppermantle. Our results
suggest that the offshore portion of the fault is mostly locked, meaning it is storing energy for a future earth-
quake. This locked area varies along the coast and becomes more uncertain near the offshore edge of the
fault. We find that the impact of glacial rebound and deep relaxation of stress on our measurements is rela-
tively small, somost of the surfacemovement can be attributed to the buildup of elastic strain. These findings
improve our understanding of where strain is accumulating, which can inform future hazards.

1 Introduction

1.1 Locking in Cascadia

An estimate of fault locking, calculated by inverting ob-
served surfacedeformation, canprovide a valuable con-
straint on where strain is currently accumulating along
a plate boundary and a proxy for where a future earth-
quake might rupture. In this paper, we define locking
kinematically, where ”locked” means where the fault is
not slipping. An alternative definition, not used in this
paper, is to define locking where ”locked” is based on
the Amontons-Coulomb static frictional regime creat-
ing a region of zero sliding (Sato et al., 2025). Histori-
cally, many pastmegathrust earthquakes have ruptured
along patches identified as locked zones, such as the
2007 Mw 8.4 Bengkulu, 2011 Mw 9.1 Tohoku, and 2012
Mw 7.6 Nicoya earthquakes, revealing a strong corre-
lation between the locking pattern and coseismic slip
(Konca et al., 2008; Loveless and Meade, 2011; Protti

et al., 2013). This underscores the importance of un-
derstanding the locking state for seismic hazard assess-
ments. However, we cannot assume an exact predic-
tion of the future coseismic slip pattern, as coseismic
slip does not always mirror the prior locking pattern.
For example, a highly locked seismic gap was identi-
fied from geodetic observations prior to the 2010Mw 8.8
Maule earthquake. While the earthquake slip did occur
in relativelyhighly lockedareas, large areas of high lock-
ing did not slip, and correlation between locking and
coseismic slip was poor (Lorito et al., 2011). Despite not
serving as a strong predictor of the coseismic slip distri-
bution, low locking zones alignwell with regions of rup-
ture arrest for several earthquakes in Chile, including
the Maule earthquake (Métois et al., 2012). An analysis
of the slip history on the Sunda subduction zone found
that the area of coseismic slip better correlated with an
estimate of the stress state as a result of bothprior earth-
quakes and the interseismic locking pattern (Nalbant
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Figure 1 Map of Cascadia, with the trace of the plate boundary and 10 km interval contours to the depth of the subducting
slab (grey lines, 10km-40km) (Carbotte et al., 2024; McCrory et al., 2012). (A) Black arrows showing horizontal velocities of
GNSS stations (Blewitt et al., 2018; Jamason et al., 2004; Miller et al., 1997; Zumberge, 1999). (b) Circles (GNSS stations) and
triangles (leveling) showing vertical velocity (Blewitt et al., 2018; Jamason et al., 2004; Newton et al., 2021; Patton et al., 2023;
Miller et al., 1997; Zumberge, 1999).

et al., 2013). Although it cannot provide a direct pre-
diction, locking does provide afirst-order assessment of
the pattern of slip deficit and indicates areas of possible
future coseismic slip.
The Cascadia Subduction Zone is characterized by

subduction of the Juan de Fuca Plate beneath the North
American Plate (Fig. 1), at a rate of about 30-40 mm per
year. Paleoseismic records point to a significant seis-
mic and tsunamigenic hazard, most recently with the
1700 earthquake (Satake et al., 1996). Low levels of seis-
micity and geodetic velocities aligned with the move-
ment of the Juan De Fuca Plate indicate locking along
the subduction zone, thus suggesting that the system is
currently accumulating strain during the interseismic
phase of the earthquake cycle before the next major
earthquake (e.g. Li et al., 2018; McCaffrey et al., 2013;
Schmalzle et al., 2014; Sherrill et al., 2024; Pollitz, 2025).
An improved understanding of this locking is therefore
important for assessment of the ongoing tectonic pro-
cesses.
Geodetic estimates of the locking pattern are particu-

larly instructive in Cascadia, as there are few alternative

ways of assessing likely future rupture potential. The
last major interplate earthquake and tsunami occurred
in 1700 with limited paleoseismic data with which to es-
timate the rupture zone (Kemp et al., 2018; Satake et al.,
1996; Wirth and Frankel, 2019; Wang et al., 2013). Seis-
micity rates are currently low, likely because the mod-
ern period of recorded earthquakes falls entirely within
the interseismic period of the earthquake cycle. As a
result, the long-term seismic moment release rate may
be underestimated using only contemporary seismicity
rates.

1.2 Complicating factors
When interpreting the observed surface deformation
for fault locking, several additional factors and signals
need to be considered. The asthenosphere deforms
viscoelastically during the earthquake cycle, meaning
that while it can still respond elastically there is also
a delayed viscous response creating a decaying time-
dependent signal. This occurs both in the postseismic
period, during which the viscoelastic relaxation domi-
nates in response to the coseismic stress and afterslip,
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aswell as in the interseismic period, duringwhich there
is concurrent but diminished viscoelastic relaxation of
the (Pollitz, 2025; Wang et al., 2012). Leveling data from
theNankai subduction zone provide some evidence of a
vertical deformation pattern on land that changes over
time, indicating postseismic viscoelastic relaxation in
the mantle (Li et al., 2020; Thatcher, 1984; Wang and
Tréhu, 2016). The Cascadia Subduction Zone is cur-
rently in a late interseismic stage, 325 years since the
last major earthquake, meaning that a time-dependent
postseismic signal has largely faded. However, the ef-
fect of relaxation of the ongoing strain accumulation
is more pronounced and this can lead to a wider area
of inland deformation than would be expected with an
elastic model (Wang et al., 2012). Solely using modern
geodetic data, within the late stage of the seismic cycle,
also means that asperities on which strain accumulated
early in the earthquake cyclemay bemissed as possible
zones of coseismic slip. Observations of full earthquake
cycles are limited within the seismic record, making it
difficult to assess howmuch locking ratesmay vary over
the seismic cycle.

In Cascadia and many other regions, several addi-
tional processes are impacting the surface deformation
field. Local deformation may result from crustal faults,
in contrast with the large regional signal from elastic
locking on the subduction zone. Additionally, a lobe
of the Cordilleran ice sheet during the last glacial pe-
riod covered part of the Cascadia region, extending just
south of the Puget Sound (Clark et al., 2019). Since
deglaciation, this region has experienced glacial iso-
static adjustment, in which there is deformation in re-
sponse to the changing surface load. This effect de-
creased over time but continues to affect velocities to
this day, especially in the vertical direction, although
there is some debate as to its relative magnitude (En-
gelhart et al., 2015; Newton et al., 2021; Yousefi et al.,
2021). Seasonal surface loading from precipitation and
snowpack introduces short-term deformation signals,
which are largely averaged out when calculating long-
term surface velocities. Groundwater withdrawal and
compaction may also lead to pronounced subsidence,
with spatial biases seen on short spatial scales or at in-
dividual stations. This effect is more prominent outside
the Pacific Northwest, where groundwater withdrawal
ismore common (Clark et al., 2019; Shirzaei et al., 2020).
Eliminating those additional signals in the surface de-
formation allows for improved estimates of elastic lock-
ing in Cascadia.

Limited data resolution presents an additional
challenge, particularly with offshore portions of the
megathrust that are poorly resolved by the data from
onshore stations. The potential presence of shallow
locking has important implications for tsunami haz-
ards. Accumulated strain close to the deformation front
increases the potential for coseismic slip extending to
the deformation front, and associated larger tsunami
amplitude (Lindsey et al., 2021; Wang and Tréhu,
2016). Limited seafloor geodetic coverage impedes full
resolution of the updip locking pattern.

1.3 Probabilistic approaches

Locking models that fit the data in Cascadia are not
unique, as they are derived from an inverse problem in
which there are insufficient data and model design to
create a unique solution (e.g. Li et al., 2018; McCaffrey
et al., 2013; Schmalzle et al., 2014). Fault locking mod-
els can vary in updip and downdip locking limits, and
may or may not include the presence of specific highly
locked areas, such as the zone immediately offshore the
Olympic Peninsula. The absence of a clear assessment
of a unique superior model calls for a probabilistic ap-
proach to characterizing the locking pattern.
Bayesian inversionmethods encompass a range of in-

version algorithms that support a probabilistic assess-
ment of locking (Minson et al., 2013). They incorporate
both aprior, providingphysical boundsbasedon a priori
information about the problem, and an observational
dataset. The inversion output depends on the model
resolution and the uncertainty of the dataset. Previous
studies have successfully utilized Bayesian approaches
to constrain locking and slip patterns in areas with lim-
ited data (Dal Zilio et al., 2020;Minson et al., 2014;Wang
et al., 2012; Matsu’ura et al., 2007). These have largely
involved Monte Carlo Markov Chain (MCMC)-based ap-
proaches, including CATMIP (Dal Zilio et al., 2020; Min-
son et al., 2014; Sherrill et al., 2024; Wang et al., 2012)
and maximum likelihood algorithms (Matsu’ura et al.,
2007), which involves an iterative search to select the
best model from a series. The CATMIP algorithm does
not require any simplifying assumptions in creating the
model, and the algorithm characterizes the complete
Bayesian posterior distribution (Minson et al., 2013). In
comparison with the basic Metropolis algorithm, CAT-
MIP’s use of resampling and transitioning allows it to
more efficiently explore the full parameter space (Min-
son et al., 2013). Our elastic Bayesian model explores
full probability distributions of locking along the fault
that are consistent with the data and prior constraints
on the locking pattern. This approach recognizes the
limitations of available geodetic data in the region, of-
fering a probabilistic view of potential locking scenar-
ios.

2 Data and Methods

To assess the locking pattern, we develop an inter-
seismic locking model that is constrained by three-
component surface velocities from GNSS and vertical
surface velocities from spirit leveling. We apply approx-
imative corrections to the data to account for forearc ro-
tation, aswell as possible contributions fromglacial iso-
static rebound and viscoelastic deformation. We con-
struct an associated data covariance matrix and calcu-
late a set of Green’s functions defining the relationship
between the surface deformation dataset and fault lock-
ing along the plate interface. We then run a Bayesian in-
version algorithm to estimate the distribution of locking
for each fault element.
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2.1 Data
The three-dimensional geometry of the subduction
zone interface is defined using the model of Bloch et al.
(2023). Wemodify the shallowgeometry to bettermerge
with the newly acquired geometry from the CASIE21
project (Bloch et al., 2023; Carbotte et al., 2024). The
fault is discretized into a triangular mesh with 40 km
length sides using the program Cubit (Coreform LLC,
2018).
We create our surface velocity dataset (Fig. 1) by

amalgamatingGNSS data frommultiple processing cen-
ters following the methodology of Newton et al. (2021).
These include processing center velocity solutions from
continuous land-based GNSS sites (Blewitt et al., 2018;
Jamason et al., 2004; Miller et al., 1997; Zumberge,
1999), repeated leveling surveys (Newton et al., 2021;
Patton et al., 2023), and newly analyzed seafloor GNSS-
A sites (DeSanto et al., 2025). Three-component land-
based GNSS velocities are generated by calculating a
mean velocity at each station with associated propa-
gated uncertainty based on the results from the four
processing centers and applying a shift to the leveling
measurements in order to bring them into the same ver-
tical frame of reference as the GNSS stations (see New-
ton et al., 2021).
Building upon the original dataset created in New-

ton et al., we expand southward from a latitude of 45°
N to 41° N and add horizontal velocities to the analy-
sis using the same methodology. In addition, we refine
the dataset by excluding GNSS stations with high uncer-
tainty or a greater than 40°mismatch in the azimuth of
the estimated velocity in comparisonwith the surround-
ing stations. We remove stations located close to active
volcanoes and notable outliers. For example, we elimi-
nate GNSS stationV096, a stationwith amuchhigher ve-
locity that could indicate confounding local factors im-
pacting the data, such as compaction. The refined ve-
locity dataset is archived on Zenodo (see Data and Code
Availability).

2.2 Data Corrections
We include several corrections to the data used to con-
strain the model, including a correction for forearc ro-
tation, glacial isostatic adjustment (GIA), and viscoelas-
ticity of the upper mantle. The Cascadia forearc has
been undergoing clockwise rigid body rotation for at
least the last 16Myr, withminimal internal strainwithin
the forearc itself (Savage et al., 2000; Wells and McCaf-
frey, 2013). We correct horizontal velocities within the
forearc based on a rotation rate with the pole located at
45.16°N latitude, -119.01°W longitude, applying the cor-
rection at stations south of a latitude of 46°N (McCaffrey
et al., 2007). Therefore, the resulting velocities record
the motion of the Juan de Fuca Plate relative to a sta-
ble forearc in Oregon and northern California, instead
of relative to the North American plate. We also test the
rotation rate as a model element in the inversion, using
either the same or an optimized pole location.
Isostatic adjustment in response to the last glacial pe-

riod continues to this day in the Cascadia region, in
which there is uplift under formerly glaciated regions

and subsidence under the former glacial forebulge. We
account for uplift and subsidence driven by GIA using a
set of models (Yousefi et al., 2021) that predict modern
GIA given different possible viscosity and lithospheric
thickness models of the earth. Among the set of pos-
sible models presented in Yousefi et al. (2021), there
is no clear preferred model based on relative sea-level
records in the region. Therefore, we create a compos-
ite average model, giving equal weight to a global litho-
spheric model, a regional lithospheric model, and a
simple one-dimensional model. We include the vari-
ance between those models as additional uncertainty
in the data covariance matrix, applying the influence
of GIA as a correction (Fig. 2) to the data. Our lock-
ing model is fit to the surface deformation after remov-
ing the impact of GIA on that deformation. The aver-
age predicted uplift and subsidence pattern from these
models is of a highermagnitude than identified in other
work (Engelhart et al., 2015; Newton et al., 2021). There-
fore, we also test a scaling factor on the GIA correction,
from 0% to 125% of the Yousefi model-predicted range
in modern GIA magnitude.

The on-going viscoelastic relaxation of the upper
mantle throughout the earthquake cycle acts to increase
deformation rates further inland. The data are there-
fore also likely impacted by ongoing viscoelastic effects.
According tomodels by Li andChen (2024), viscoelastic-
ity causes changes in horizontal motions over time, de-
fines the location of the pivot line between subsidence
and uplift, as well as creates another secondary inland
subsidence zone which cannot be predicted by elastic
models. As the seismogenic zone of the Cascadia Sub-
duction Zone is relatively shallow compared to other
systems,weexpect this viscoelastic variation, especially
temporal variation, to be less pronounced than in sub-
duction zoneswithwider seismogenic zones, andwe ex-
pect viscoelasticity to primarily affect the far-fielddefor-
mation pattern (Li et al., 2018; Li and Chen, 2023, 2024).
Our correction thus only needs to account for the subsi-
dence zone impacting the inland GNSS stations (Li and
Chen, 2024).

Rather than fully modeling the viscoelastic signal,
we apply a correction to the data. Correcting the data
for this viscoelastic effect requires both a correction at
GNSS stations and higher covariance due to uncertainty
in the magnitude of that correction (Li et al., 2018). We
estimate that correction (Fig. 2) by calculating the dif-
ference between the elastic and viscoelastic results for
the preferred model from Li et al. (2018) (see Fig. 5 in
publication). Since viscoelasticity of the upper mantle
primarily impacts the stations farther inland, we apply
this correction only to stations more than 50 km east of
the coastline. It is at these eastern stations where the
vertical data start to show subsidence that can’t be repli-
cated with an elastic model. As the pattern of the vis-
coelastic correction is similar to theGIA pattern, we test
a similar scaling factor from0% to 125% to look for a po-
tential tradeoff between the two signals. The viscoelas-
tic structure of the earth in this region has significant
uncertainty, so we scale the uncertainty by the size of
the viscoelastic signal.
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Figure 2 Maps of deformation patterns used to correct the data. (a) Mean impact of glacial isostatic adjustment (GIA) on
vertical landmovement (VLM) using compositemodel (Yousefi et al., 2021). (b) MaximumGIA impact of all models within the
composite. (c) Minimum GIA impact of the same, showing howmuch the GIA prediction can vary depending on the viscosity
structure and other choices made within the GIA model. (d) Viscoelastic correction (inferred from Li et al., 2018) applied to
data (black arrows: horizontal velocities, shading: VLM).

2.3 Data Covariance Matrix

We construct a data covariance matrix, defined as the
sum of the following terms: a diagonal matrix contain-
ing the initial measurement uncertainty, a correlation
factor between data based on spatial proximity that af-
fects the off-diagonal terms, and added uncertainties
based on glacial isostatic adjustment and viscoelastic ef-
fects. Initial tests showed that the seafloor sites had lit-
tle to no impact on the output lockingmodels, due to the
uncertainty in the seafloor data beingmuchhigher than
the land-based GNSS stations. Despite the high uncer-
tainties, we want the seafloor sites to contribute to the
model, as they provide valuable new information about
movement close to the deformation front. Therefore,
we renormalize the uncertainties by dividing by a factor
of 17 to bring the land and sea-based uncertainties into
the same order-of-magnitude. This factor corresponds
to the ratio of the mean GNSS-A uncertainty to the land
GNSS uncertainty.
The construction of a stable, singular positive-

definite data covariance matrix must be balanced with
the need to have off-diagonal terms of the matrix
that capture correlated surface velocity signals, which
should not be attributed to spatial variations in locking
on the fault. A positive definite matrix is necessary for
Cholesky decomposition, a step used in the inversion
process in order to speed up calculation of a correlated
sample matrix. With larger off-diagonal terms, con-
struction of a positive definite matrix becomes much
less likely. In order to account for this issue, we con-

struct the data covariance matrix by rescaling such that
the off-diagonal elements aremaximized and, when de-
composed, all of the eigenvalues are above 5e-10 for nu-
merical stability.

2.4 Inversion Methodology
Locking along a fault can be described as slip in the
opposite direction of long-term plate motion, or back-
slip, representing the accumulation of elastic strain due
to lack of fault slip (Savage, 1983). We formulate the
backslip problem as a linear inverse of the observation
equation d=Gm. We solve for locking along the subduc-
tion zone using an inversion of the data, d, to optimize
the model parameters, m, corresponding to the back-
slip rates on the fault. G is a set of Green’s functions for
the relationship between a unit dislocation along each
triangular element in our fault mesh in an elastic half-
space and the associated deformation at the surface.
The Green’s functions are calculated using the program
TDdispHS (Nikkhoo andWalter, 2015).

2.4.1 Bayesian approach

As the inversion setup is strongly non-unique, with
many possible backslip patterns that fit the data, we use
a Bayesian approach to derive a distribution of backslip
magnitudes on each triangular element along the fault.
Weutilize the CATMIP algorithm (Minson et al., 2013) to
solve for the posterior probability of the backslip distri-
bution being true conditioned on the data p (mi|d) for
each independent fault element, i. This is calculated
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Figure 3 Schematic of CATMIP Bayesian inversion (Minson et al., 2013). For a fault element, create a sample of locking
ratio values based on data and a prior locking assumption. Then, resample using the cooling rate and randomly explore
the parameter space using Monte Carlo Markov Chains (MCMC). From the new sample, calculate the posterior probability. If
it’s improved, keep it, otherwise draw a random number to decide. The algorithm iterates, outputting a final distribution of
locking ratios for that element.

based on the probability of observing the data, condi-
tioned on a value for the prior, p (d|mi), which incor-
porates the data covariance matrix, and an a priori as-
sumption of the backslip magnitude p (mi):

(1)p (mi|d) ∝ p (d|mi) p (mi)

The algorithm requires several parameters control-
ling how the MCMC process is implemented. These in-
clude the number of chains within a single step, the
length of the Markov chains, and the type of sampling
method. We test the use of both a traditional Metropo-
lis sampler and an adaptive Metropolis sampler, which
considers a target acceptance rate and correlation value
for the algorithm to check for after a specified number
of updates to the Markov chain. We find no meaningful
difference between the type of sampling method. We
runourfinalmodelwith 200Markov chains at lengths of
5000 steps each, which ensures that the inversion fully
explores the model space.
We assess the impact of using different priors p(m)

within the inversion. To define a prior, we calculate the
expected backslip rate on an element if the element is
entirely locked, based on convergence vectors between
the Juan De Fuca Plate and the Cascadia forearc. Next,
we define a set of prior hypotheses about the associ-
ated backslip value on each element. For each fault el-
ement, we use truncated Gaussian prior distributions
for the strike-slip and dip-slip components of fault slip,
where the highest probability aligns with a given hy-
pothesis about the locking pattern. These hypotheses
can be informed by physical conditions, such as the
thermal state, properties of the system, or end-member
models. The suite of priors that we considered include
completely creeping and completely locked plate inter-
faces, a gradual or abrupt transitionbetween locked and
creeping behavior at a particular depth, and examples

of heterogeneous priors where transitions occur at par-
ticular latitudes along strike, including testing for vari-
ation that correlates with the boundaries of underlying
terranes and presence of seamounts on the subducting
plate (Table 1). We assess the success of different priors
based on which ones achieve the lowest data misfit.
An example of a prior is shown in Figure S1, showing

the mean values for the prior along the fault as well as
several truncatedGaussiandistributions for different el-
ements. A detailed table outlining how we create these
constraints can be found in Table S1, with an explana-
tion for the parameter choices in the supplement. The
shape of these distributions vary across the different
elements along the fault, with changes along both the
strike and dip directions (Fig. S1). The standard devia-
tion of the input truncated Gaussian prior largely con-
trols along-dip variations and the bounds of the trun-
catedGaussianprior primarily control along-strike vari-
ations (Fig. S1). The flexibility in these constraints al-
lows the algorithm to iterate effectively while keeping
the rake of the calculated backslip relatively close to the
convergence vector between the two plates.
For display of each inversion result using a new set of

parameters (Table 1), we convert the final output back-
slip magnitudes from the CATMIP algorithm to locking
fractions by projecting the vectors onto the vector of the
motion of convergence at that point (Wells and Simp-
son, 2014).

3 Results

3.1 Evaluation of preferredmodel
The Bayesian inversion returns the probability distribu-
tion of backslip on each fault element, p(m|d). Each
distribution can be characterized by a mean and stan-
dard deviation. The pattern of locking using the mean
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backslip for the preferredmodel suggests highly locked
zones close to the deformation front (Fig. 4), with areas
of especially high locking located immediately offshore
the Olympic Peninsula. Moving down-dip beneath the
coastline, the magnitude of locking is more moderate,
although with a mean high enough for some locking to
be occurring.
We chose a preferred model based on the parame-

ters that yield the lowest misfit to the input data. The
full list of parameters explored and the preferred pa-
rameters chosen are shown in Table 1. These opti-
mized parameters include a 50% scaling factor on the
GIA and a 25% scaling factor on the viscoelastic ef-
fect. The prior used in the preferred model assumes
100% locked at the deformation front, then steps down
to 80% locked to a 25-kilometer depth (with a shal-
lower depth of 20 km between the latitudes of 46°-48°)
and 100% creeping below that depth. We also tested a
prior with the same locking pattern but smoothed with
depth, which produced a very similar result with no im-
provement to the fit (Table 1, Fig. S2d). The rotation
rate is optimized during the inversion, giving a result
of -1.57+/-0.02 *10-8 rad/year, slightly slower than the
-1.78*10-8rad/year (clockwise) estimated by McCaffrey
et al. (2007).
The residuals of the mean output model show a

systematic pattern in some regions, especially inland
(Fig. 5). The preferredmodel fits the horizontal and ver-
tical data setwith aR-squared value (coefficient of deter-
mination) of 0.91, indicating that 91% of the variation in
the surface deformation can be fit with the model. The
model underpredicts subsidence in inland Oregon and
southern Washington as well as horizontal motion in
some inland areas,most especially in the far north close
to Vancouver, Canada. Overprediction of the horizontal
motion occurs on Vancouver Island and the far south-
ern region between 41°-42°. There are also some scat-
tered points in the north that show observed uplift that
is much higher than the modeled values. Other residu-
als are largely small, but systematic in some places.
Considering the full Bayesian result, spatially corre-

lated locking models can be generated from the distri-
bution of backslip on each fault element, indicating the
range of model parameters that fit the data (Fig. S3).
Rather than simply plotting the mean backslip rates,
the backslip models in Fig. S3 are generated by sub-
sampling the posterior backslip distributions assum-
ing a spatial correlation between neighboring fault el-
ements. These resampled distributions include mod-
els with more diffuse deeper locking in central Oregon
or by a larger locked asperity offshore of the Olympic
Peninsula. The range of locking ratios possible on each
element varies in both the strike direction, with higher
ranges of locking at the far northern end of the subduc-
tion zone, and the dip direction, with higher ranges in
the shallower parts of the fault (Fig. 4b). The pattern of
the standard deviation of the Bayesian result is consis-
tent across a variety ofmodels, suggesting that itmainly
reflects how much flexibility there is in fitting the data,
rather than being driven by the spread of the associated
prior.
Despite the addition of new seafloor geodetic data,

we do not see a reduction in the width of the poste-
rior distributions in that area when using seafloor data.
This is likely because station coverage is still much
sparser towards the deformation front. It is possible
to see an impact on distribution widths from including
seafloor data, but only with an additional decrease in
the seafloor data uncertainties by a factor of ten beyond
the rescaling discussed in Section 2.3. As the number of
observations increase and uncertainty goes down in the
future, the contribution of seafloor data to constraining
the locking distribution is expected to become increas-
ingly significant.

3.2 Impact of GIA and Viscoelastic Data Cor-
rections

Tests indicate a tradeoff between the magnitude of GIA
and viscoelastic correction to the dataset. Both defor-
mation sources contribute to inland subsidence, so a
lower level of GIA correction is needed to improve the
fit if a highermagnitude viscoelastic correction is incor-
porated (Fig. 6). The influence of the viscoelastic cor-
rection has a limited effect on the overall mean misfit,
primarily impacting the fit to a small number of stations
located in the Northern Cascades between the latitudes
of about 48°-49° N. However, this correction greatly re-
duces systematic horizontal residuals in that region, in
an area that is otherwise impossible to fit without lock-
ing as deep as 50 km. Residuals remain systematic to an
extent in southern Washington and central Oregon, al-
though at amuch lowermagnitude than the samemodel
without data corrections (Fig. 6). This could indicate
that a different glacial isostatic adjustment or viscoelas-
tic effect pattern is necessary to improve the area of sys-
tematic residuals, as a stronger impact would improve
this area but then fit worse when considering stations
further south.

3.3 Impact of different priors
The balance between the structure of the data covari-
ance matrix and prior (see Section 2.3) ensures that we
minimize data misfit, which means that certain traits
stay consistent in the model result, regardless of the a
priori assumption. We see a similar depth for a decrease
in average degree of locking at around 25 km (Fig. S2),
regardless of whether the prior includes an assigned
down-dip limit of locking or includes uniform locking
at all depths. Therefore, a downdip decrease in locking
is a robust feature.
While some model features remain stable, variations

do emerge depending on the prior, particularly updip.
Greater differences in the mean degree of locking oc-
cur when comparing priors that do or do not assume
locking at the deformation front (Fig. S2). Heteroge-
neous priors, those incorporating variations based on
terrane boundaries or subducting seamount locations,
also have a small impact. These tend to slightly reduce
the locking ratio near the deformation front, where
data constraints are weaker, offset by a correspond-
ing downdip increase in locking. The lowest misfit is
achieved with a prior that assumes full locking at the
deformation front and full creep below 20-25 km depth,
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Figure 4 Posterior distributions of locking models conditioned on the data, p(m|d). (a) Mean locking ratio along the plate
interface, with inset histograms of distribution for four fault elements and cross-section line A-A’. (b) Standard deviation of
locking ratio, (c) Cross-section along A-A’ showing the mean (black), σ(dark gray), and 2σ(light gray) of the locking ratio.

suggesting that this priormay best represent conditions
on the fault.

3.4 Impact of other factors
We also test the impact of changes in the model struc-
ture and dataset on the results. We use an updated ge-
ometry source for the offshore portion of the fault using
the CASIE21 data (Carbotte et al., 2024). This results in
a flatter and shallower offshore fault geometry, with an
associated decrease in the predicted locking in order to
match the on-shore motion.
With the addition of several seafloor geodetic sta-

tions, we also see some disagreement between on and
offshore data. The seafloor stations are best fit with
100% locking in that area, but this results in overpredic-
tion of motion at the coast in this area. This may indi-
cate that the model is unable to fully resolve a very nar-
row offshore band of complete locking, or that inelastic
or heterogenous rheology is required.
Using the rotation rate calculated by McCaffrey et al.

(2007), we see a systematic rotational signal in the resid-
uals (Fig. S4), with similar results regardless of prior or
magnitude of corrections. When the rotation rate is in-
cluded as a free model parameter, the inversion prefers
a lower rate. This result is consistent across different

priors, suggesting that, when considering the impact of
these other factors, the amount of forearc rotation may
be lower.

4 Discussion

4.1 Assessment of locking pattern
Past deterministic locking models use a fundamentally
different approach to our Bayesian inversion. However,
they offer useful benchmarks for comparison, both in
terms of shared features in our mean locking patterns
aswell as highlighting the broader range of plausible so-
lutions in our probabilistic framework. Several aspects
of the overall mean locking ratio pattern show similar-
ity with previous studies, including a high probability of
locking at the deformation front and a decrease in the
mean locking at approximately around 20-25 km depth
along most of the fault (e.g. Li et al., 2018; McCaffrey
et al., 2013; Schmalzle et al., 2014). We also find that
some locking fractions allowed within the distributions
show a strong asperity patch offshore of the Olympic
Peninsula, in accordance with previous work, although
this does not appear in the full range of possible lock-
ing models. The overall pattern of the mean locking
ratios (Fig. 4) shows considerable roughness, which is
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Figure 5 (a) Residual horizontal velocities for the mean locking ratio (predictions from the model subtracted from the ob-
served data), compared to data uncertainties (circles). (b) Residual vertical velocities for the mean locking ratio.

not unexpected in a situation in which smoothing is not
explicitly imposed within the inversion (Minson et al.,
2014). The roughness could represent undersampling,
but increasing the number of samples does not change
the variability of the means or model posterior rough-
ness (Fig. S5). The off-diagonal terms of the data covari-
ance matrix define the a priori covariances and impact
the degree of spatial smoothness in themeans of the re-
sulting posteriormodels, whichmust be balanced along
with constructing a stable data covariance matrix (see
Section 2.3). The ensemble of models (Fig. S3) provides
a clearer picture of the underlying variability.

Some spatial variance in the mean is to be expected
in a probabilistic framework. The variance of the mean
locking ratio on adjacent fault patches is not necessarily
significant on their own, but rather reflect the range of
solutions within the probabilistic framework. The span
of possible locking models that fit the data (Fig. S3) in-
dicates that there is considerable variation in potential
locking patterns, given existing data and the inherent
non-uniqueness of the problem. Approximately half
of all pairs of nearby patches are within one standard
deviation of each other and 70% are within two stan-
dard deviations of each other. There is more disagree-
ment between neighboring fault patches in the north-

ern third of the fault model, which may be related to
the model setup or the distribution of GNSS sites. The
apparent combination of rough mean structure and lo-
cally low uncertainty in the posterior distributions is a
recognized behavior in Bayesian sampling approaches
without explicit smoothing (e.g., Minson et al., 2014;
Nocquet, 2018).

An examination of data residuals suggests that our
model continues to show some areas for improvement.
There are coherent vertical residuals for the model due
to insufficient subsidence predicted by the model in
Central Oregon and a few scattered very high magni-
tude values showing insufficient uplift in thenorth. This
may suggest that the pattern ofGIA, basedupon an aver-
age of several existing GIA models (Yousefi et al., 2021),
is not entirely accurate. These models already vary in
their latitudinal pattern, and an adjusted model might
explain some of these coherent residuals. The small
areas of coherent horizontal residuals in the northern
Cascades and in the region between a latitude of 46°-
48°, which could be similarly impacted by variation in
the model of GIA and viscoelastic effects.
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Figure 6 (a). Scaling of the data corrections, showing the tradeoff between GIA and viscoelastic data corrections. Contours
showoverall datamisfit (contours) for each iterationof theBayesian InversionwithdifferentmagnitudesofGIA andviscoelas-
tic contributions (black dots). Yellow star is the model with the best fit (residuals in Fig. 5), red circle is the model with the
worst fit (residuals in b). (b) Horizontal and vertical residuals for the worst model run.

4.2 Data corrections

The data are consistently better fit by a magnitude of
GIA correction that is lower than the average magni-
tudepredicted by theYousefimodels, in agreementwith
other work that has suggested a lower overall magni-
tude of the modern-day GIA signal (Engelhart et al.,
2015; Newton et al., 2021). We estimate that the com-
bination of the GIA and viscoelastic signal must be rel-
atively small, at a maximum of 3.5 mm/yr of vertical
subsidence based on scaling factors from our preferred
model, in contrast with some existing models (Yousefi
et al., 2021). However, both the horizontal and vertical
data are also far better fit with the inclusion of GIA and
viscoelastic corrections, in comparison with an uncor-
rectedmodel (Fig. 6). This suggests that these processes
are regionally influential on the deformation pattern in
Cascadia, and should be considered in future work fo-
cused on regional deformation. This approach of apply-
ing and scaling the corrections was effective at quanti-
fying the range of different factors and estimating their
isolated impact on surface deformation. However, the
tradeoff in improved fit between the GIA and viscoelas-
tic corrections indicates that uncertainty in the regional
Earth structure is currently limiting our ability to quan-
tify their relative impact. This work and similar anal-
yses would benefit from better constrained measure-
ments of Earth structure.

4.3 Probabilistic approach

The use of a Bayesian approach to the inversion, imple-
menting the CATMIP algorithm, results in a thorough

assessment of the range of locking patterns that fit the
available data in Cascadia. The use of a prior allows us
to explicitly test hypotheses about the locking pattern,
by evaluating how the algorithm minimizes data misfit
in each case. However, ourwork also highlights the sen-
sitivity of the probabilistic approach to a priori assump-
tions and the construction of the data covariance ma-
trix. Changes to the model structure required careful
balancing of the magnitude of uncertainty in the prior
and data covariance matrix in order to fulfill two ob-
jectives. First, we needed to ensure that the algorithm
could converge to a result that minimized data misfit,
which reflects the importance of the data. Second, we
needed to allow the prior itself to contribute some guid-
ance to the algorithm in areas where there is sufficient
data uncertainty, which reflects the importance of our
a priori assumption based on physical attributes (Flück
et al., 1997; Han et al., 2017; Seyler et al., 2020).

4.4 Significance
We find that a Bayesian elastic locking model can ex-
plain the pattern of surface deformation in Cascadia,
including the pattern seen in both the horizontal and
vertical data. Common patterns within the proba-
bilistic locking model highlight where elastic strain is
accumulating in the crust and could be released in
a future earthquake, with strong locking towards the
deformation front as well as a possible asperity off-
shore of the Olympic Peninsula. However, the lock-
ing models do imply a high probability of low locking
deeper than 20 km depth and associated reduced risk of
higher inland ground shaking from contemporary load-
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ing (Wirth et al., 2018). The output also suggests poten-
tial heterogeneity of the locked zone along strike.
Our work also has implications for locking models in

regions outside of the Cascadia Subduction Zone. The
use of a probabilistic approach provides a thorough ex-
ploration of the set of possible models that fit the data.
The range of distributions we find in our results high-
lights where a deterministic locking model would have
missed the full range and potentially indicated a level
of certainty not reflected by the data. Our results also
stress the importance of seafloor geodetic data to es-
timating locking, as their inclusion within our model
brought to light that themodel has difficulty fitting both
coastal and offshore data in that area.

5 Conclusion
A Bayesian locking model for the Cascadia Subduction
Zone is consistent with horizontal and vertical geodetic
data in the region. The use of a prior based on full off-
shore locking and a transition to creep at around 20-25
km depth aligns with the lowest data misfit, reinforcing
existing constraints of offshore locking found in previ-
ous studies (e.g. Li et al., 2018; McCaffrey et al., 2013;
Schmalzle et al., 2014). While glacial isostatic adjust-
ment and viscoelastic effects provide second-order im-
provements in model fit, the primary deformation sig-
nal remains dominated by elastic locking. Using a prob-
abilistic approach, the range of locking models reveals
significant uncertainty in the range of potential locking
patterns, in spite of the inclusion of seafloor geodetic
data improving the data constraints. This suggests that
heterogeneity in strain accumulation in Cascadia, and
its association with seismic hazards, still has significant
uncertainty and comprehensive seismic hazard assess-
mentsmust account for the range of possible slip distri-
butions. Addressing this uncertainty also requires con-
tinued refinement of geodetic observations, especially
at the seafloor, and improved Earth structure models
that help to refine the impact of effects like glacial iso-
static adjustment.
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