Earth and Planetary Physics
9:1037-1047, 2025
doi: 10.26464/epp2025079

RESEARCH ARTICLE
SOLID EARTH: TECTONOPHYSICS

EP

Subduction plate age as a control on elastic upper-plate thickness in
Cascadia: Insights from interseismic GNSS observations and
implications

ShaoYang Li'*, and Ling Chen2

TState Key Laboratory of Lithospheric and Environmental Coevolution, Institute of Geology and Geophysics, Chinese Academy of Sciences,
Beijing 100029, China;

2College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

Key Points:
e Forward viscoelastic models show a strong trade-off between locking depth and elastic upper-plate thickness (H,), requiring
additional constraints.
e Elastic upper-plate thickness (H.) increases systematically northward from ~20 to 30 km, correlating with the age of the oceanic plate
and, consequently, its cooling along the Cascadia forearc.
e Lateral H, variations alter earthquake-cycle deformation patterns and should be included in seismic hazard assessments.
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Abstract: Understanding the viscoelastic structure of subduction zones is essential for assessing seismic hazards and understanding
subduction-zone dynamics. However, the influence of lateral variations in elastic upper-plate thickness (H,) remains poorly constrained
and is often overlooked. In this study, we use two-dimensional forward viscoelastic earthquake-cycle models to fit both horizontal and
vertical Global Navigation Satellite System (GNSS) observations. We identify a clear trade-off between locking depth (D) and H. in both
components. To resolve this ambiguity, we incorporate constraints from thermal models and tremor distributions along the Cascadia
Subduction Zone. As a novel result extending beyond previous kinematic models, our results reveal a systematic northward increase in Hc
from ~20 km to ~30 km. This trend correlates with increasing oceanic plate age and likely reflects variations in the subaccretion and
wedge-cooling processes along the trench-parallel direction. In contrast, D remains relatively uniform at ~10 km, consistent with previous
findings. These results demonstrate the robustness of our approach for simultaneously constraining H. and D, and they suggest it may be

applied to other subduction zones. Lateral variations in H, significantly affect crust deformation and should not be ignored in
earthquake-cycle models. Accounting for these heterogeneities improves estimates of H. and D and enhances our understanding of
megathrust locking, seismic hazard potential, and the physical conditions controlling episodic tremor and slip events.
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1. Introduction

The outer layer of the viscoelastic Earth is characterized by a
colder, rigid lithosphere flowing over the hotter, ductile astheno-
sphere (Bott and Dean, 1973; Cohen, 1999; Wang KL et al., 2012).
Between these two layers, the lithosphere-asthenosphere bound-
ary represents a mechanical transition from elastic to viscoelastic
behavior and has been extensively characterized using thermal,
seismological, geodetic, and experimental observations (McKen-
zie, 1967; Chen L et al, 2006; Birgmann and Dresen, 2008;
Kawakatsu et al., 2009; Hu Y et al., 2016; Wang X et al., 2024). This
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boundary is considered a critically important region where vigor-
ous physical and chemical processes occur at depth over various
time scales (Hirth and Kohlstedt, 2004; Birgmann and Dresen,
2008; Burov, 2011). On geologic time scales (millions of years), it is
thought to influence the efficiency of plate tectonics and planetary
habitability (Fischer et al., 2010; Rychert et al.,, 2020; Lu et al,
2021). On shorter earthquake-cycle time scales (hundreds of
years), this transition zone also plays a key role in earthquake
dynamics, including the nucleation and termination of fast earth-
quakes (Chen WP and Molnar, 1983; Hyndman et al., 1997; Bilham
et al,, 2017) and the generation of slow earthquakes (collectively
referred to hereafter as tremors, low-frequency earthquakes, very
low-frequency earthquakes, and slow slip events; Dragert et al.,
2001; Obara, 2002; Rogers and Dragert, 2003; Shelly et al., 2007).
Therefore, quantifying the lithosphere-asthenosphere system in
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terms of lithosphere thickness and asthenosphere rheology
through geophysical measurements is a critical priority in solid
Earth studies.

Geodetically, the lithosphere-asthenosphere system can typically
be probed through postseismic deformation induced by coseismic
stress perturbations from large subduction earthquakes (e.g., Nur
and Mavko, 1974; Pollitz et al., 2008; Suito and Freymueller, 2009;
Sun THZ et al,, 2014; Hu Y et al,, 2016; Li SY et al., 2018a; Weiss et
al., 2019). Modeling postseismic deformation has provided funda-
mental insights into asthenosphere rheology over the past few
decades, including the immediate excitation of viscoelastic relax-
ation following major earthquakes (Sun THZ et al., 2014; Sobolev
and Muldashev, 2017), spatial heterogeneity in mantle viscosity
(Wiseman et al,, 2015; Muto et al.,, 2016; Freed et al,, 2017), its
temporal evolution (Li SY et al., 2018a), and the relative contribu-
tions of afterslip and viscoelastic relaxation to surface deformation
(Qiu Q et al., 2018; Muto et al,, 2019; Fukuda and Johnson, 2021).
All point to the importance of the viscoelastic response of the
Earth. Despite these advances, interseismic deformation—typically
attributed to megathrust interface locking—is widely modeled
using purely elastic Earth theory (e.g., Okada, 1992; McCaffrey,
2002; Meade and Loveless, 2009). Given the viscoelastic nature of
the Earth, the tectonic loading process (e.g., megathrust locking)
is also expected to induce observable viscoelastic responses in the
asthenosphere, forming longer wavelength horizontal interseismic
deformation than the conventional elastic models (Wang KL et al.,
2001; Trubienko et al., 2013; Li SY et al., 2015, 2020; Li SY and Chen
L, 2023), similar to those observed during tectonic unloading
processes (e.g., viscoelastic relaxation driven by coseismic rupture
and glacial isostatic adjustment). Thus, observations of interseismic
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deformation also hold the potential to constrain the viscoelastic
behavior of the subduction system in detail (Li SY et al., 2015; Itoh
etal., 2019; Diao FQ et al,, 2022; Li SY and Chen L, 2024a).

The Cascadia Subduction Zone, where the Juan de Fuca Plate
subducts beneath the North American Plate (DeMets et al., 2010;
Figure 1), is a well-known seismic gap that has produced major
megathrust earthquakes, with the most recent M9 event occurring
in AD 1700 (Atwater, 1987; Satake et al., 2003; Goldfinger et al.,
2017). The seismically quiescent period of the margin (Toda and
Stein, 2022) makes geodetic observations particularly critical for
studying its geodynamics. Early elastic modeling of contemporary
geodetic data (e.g., Figure 1) conclusively identified the interseis-
mic locking of the megathrust (Khazaradze et al., 1999; Wang KL
et al,, 2003; McCaffrey et al., 2013; Schmalzle et al., 2014). More
recent geodetic modeling has revealed the viscoelastic component
of the deformation field (e.g.,, Wang KL et al., 2012; Pollitz and
Evans, 2017; Li SY et al., 2018b; Pollitz, 2025), which aligns with a
viscoelastic earthquake-cycle framework (Wang KL et al., 2012; Li
SY and Chen L, 2023). These locking models generally show a shal-
low locking depth and a deeper band of slow earthquakes occur-
ring within the brittle-ductile transition zone, with a gap between
them in this warm subduction zone (e.g., Hyndman, 2013; Audet
and Kim, 2016; Gao X and Wang KL, 2017; Li SY et al., 2018b).

Previous modeling of interseismic deformation in Cascadia—and
in many other subduction zones—has primarily focused on
resolving the spatial distribution of megathrust locking while
often treating the viscoelastic structure as a simplified, predefined
parameter. A key assumption in these models is a laterally uniform
elastic upper-plate thickness (i.e., continental lithosphere) along
the trench-parallel direction, despite substantial geophysical
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Figure 1. Tectonic settings and contemporary deformation of the Cascadia Subduction Zone. (a) Horizontal interseismic velocities processed by
McCaffrey et al. (2013) and Li SY et al. (2018b). Inset shows the global location of the study area (red trapezoid). (b) Vertical interseismic velocities
processed by Michel et al. (2019). The thick red and yellow lines are downdip depths of fully locked and transition zones, respectively, determined
from the thermal model (Hyndman and Wang K, 1995). The thick green line is the updip depth of the tremor zone from Wirth and Frankel (2019).

The thin gray contours are the megathrust depth at 10-km intervals.
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evidence for lateral heterogeneities in Cascadia (e.g., Blakely et al.,
2005; Porritt et al, 2011; Littel et al, 2018; Bodmer et al,, 2020;
Delph et al.,, 2021; Egbert et al.,, 2022; Yu CH et al., 2022; Cao ZB
and Liu LJ, 2024). Consequently, the potential influence of upper-
plate elastic thickness on locking estimates remains poorly under-
stood. Moreover, many of these studies rely on inverse methods
incorporating regularization techniques such as smoothing,
which can obscure the transitions between locked, creeping, and
slow-slip regions (Li SY and Chen L, 2024b; Sato et al., 2024; Sherrill
et al,, 2024). Such smoothing may hinder accurate comparisons
between locking depths and the assumed elastic plate thickness,
potentially leading to misinterpretation of physical processes
underlying episodic tremor and slip (ETS) in Cascadia and else-
where. To address these limitations, we adopt a forward modeling
approach that simulates surface deformation to fit observed inter-
seismic Global Navigation Satellite System (GNSS) velocities
(Figure 1), allowing us to directly constrain the viscoelastic struc-
ture of the overriding plate. To refine model parameters and
reduce nonuniqueness, we incorporate additional prior
constraints from independent geophysical observations, particu-
larly thermal modeling (Figure 1), following the similar modeling
strategy of Li SY and Chen L (2024b). The lateral variations
obtained in elastic upper-plate thickness are found to correlate
well with the oceanic plate age (Wells et al., 1998; Wilson, 2002)
and are then interpreted in the context of earthquake-cycle defor-
mation and ETS processes, offering new insights into the subduc-
tion-zone dynamics in Cascadia.

2. Data and Method

2.1 Decadal GNSS Velocities
Following Li SY et al. (2018b) and Li SY and Chen L (2024b), we
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utilize decade-scale horizontal velocities from McCaffrey et al.
(2013) and vertical velocities from Michel et al. (2019). These
velocities (Figure 2) are derived from both continuous and
campaign GNSS sites, with the effects of episodic slow slip aver-
aged out. The vertical deformation rates have not been corrected
for postglacial rebound (e.g., Peltier et al., 2015), whereas the hori-
zontal velocities are defined relative to a stable North America
reference frame, enabling direct comparison with finite-element
modeling results that use fixed far-field boundaries. Long-term
geological deformation—assumed to be independent of megath-
rust earthquake cycles—has been removed as “block motion’
following Schmalzle et al. (2014), and alternative corrections have
been shown to produce no significant differences in the deforma-
tion pattern (Li SY et al., 2018b). The corrected horizontal velocities
are attributed entirely to megathrust locking and creep. However,
because the magnitude of the correction generally increases from
north to south (Li SY et al., 2018b) and because of postseismic
deformation from the triple junction earthquakes, we expect that
the uncertainties in the modeled fault kinematics also increase
toward the southern end of the study area.

4

Without advanced modeling, the GNSS-derived horizontal and
vertical velocities already reveal the typical interseismic deforma-
tion patterns associated with a locked megathrust and coherent
deformation along the Cascadia trench (Figure 2). Specifically, the
horizontal velocities (0-25 mm/yr) display a more than 600-km
long-wavelength landward decrease across the forearc, arc, and
backarc regions (Figure 2a), which is consistent with interseismic
strain accumulation predicted by a viscoelastic Earth model (Li SY
et al,, 2018b). In contrast, the vertical velocities, with much lower
magnitudes ranging from —4 to 4 mm/yr, exhibit a distinct subsi-
dence-uplift-subsidence pattern away from the trench (Figure
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Figure 2. Lateral variations of GNSS velocities (color-coded as the site latitudes) as a function of trench distance in the (a) horizontal and (b)

vertical directions.
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2b) that aligns with predictions from a viscoelastic earthquake-
cycle model (Li SY and Chen L, 2024a). Notably, the subsidence
signal related to the viscoelastic mantle flow in the backarc region
(250-500 km trench distance) is particularly pronounced. Both
components also highlight lateral variations along the trench-
parallel direction, likely reflecting differences in plate coupling,
megathrust geometry, the structure of the viscoelastic lithosphere
—asthenosphere system, or their combination. For instance,
compared with northern velocities, southern velocities show both
a relatively shorter horizontal wavelength and lower vertical
magnitudes in the backarc region, indicating a less viscous defor-
mation pattern. This correlation between horizontal strain gradi-
ents and vertical subsidence rates, coupled with systematic along-
strike heterogeneity, underscores the value of GNSS observations
in constraining the deformation dynamics of Cascadia.

2.2 Finite-Element Modeling

We construct two-dimensional (2D) finite-element models using
the open-source software PyLith (Aagaard et al, 2013) and
perform forward viscoelastic earthquake-cycle simulations to
explain both horizontal and vertical GNSS velocities. Following Li
SY et al. (2018b) and Li SY and Chen L (2024b), our model consists
of four domains: the oceanic and continental plates, and the
oceanic and continental mantle (Figure 3a). This setup captures
the first-order influence of the subducting slab on viscous mantle
flow—where the slab acts as an impermeable barrier to mantle
flow—during both the postseismic and interseismic phases (e.g.,
Pollitz et al., 2008; Li SY and Chen L, 2022). To compare GNSS data
within the relatively far reference frame while minimizing bound-
ary effects, we define our model domain as 3000 km in width and
500 km in depth (Figure 3b). Continental observations are consid-
ered minimally influenced by the oceanic plate, which is therefore
modeled with a uniform thickness of 30 km for simplicity (Wang
KL et al., 2012). Given the importance of curved slab and megath-
rust geometry in determining fault kinematics (Moreno et al.,

Trench

2009), we incorporate these features (Figure 3b) based on a three-
dimensional (3D) geometric model (e.g., McCrory et al., 2012; Gao
DW et al.,, 2017; Li SY et al., 2018b). Following Wang KL et al. (2012)
and Li SY et al. (2018b), we assume Maxwell viscosities of 10'° Pa s
for the continental mantle and 102° Pa s for the oceanic mantle. In
a steady-state subduction system, varying these viscosities does
not affect the predicted surface displacement velocities (Figure S1
of Li SY et al., 2018b) and hence the obtained kinematic parameters
of the model. The rigidity values for the elastic plates and mantle
are set to 48 GPa and 64 GPa, respectively, whereas a Poisson’s
ratio of 0.25 is applied throughout the model domain. Displace-
ments perpendicular to the lateral and bottom boundaries of the
model are fixed to zero, whereas displacements parallel to these
boundaries remain unconstrained. The top boundary is set as a
free surface.

In this study, we introduce two key free parameters to characterize
deformation rates: (1) the downdip depth D of full locking (i.e.,
locking degree = 1) from the trench and (2) the elastic upper-plate
thickness H. (Figure 3a). A fully locked state extending to the
trench is supported by the thermal structure of the warm subduc-
tion zone and the paucity of seismicity along the entire margin
(Wang KL and Tréhu, 2016). The transition zone downdip of the
fully locked segment is assumed to be 10 km thick, with a nonlinear
decrease in locking degree to zero, following the kinematic frame-
work of Wang KL et al. (2003). At greater depths, an intervening
gap in the subduction fault, located updip of the ETS zone (Figure
3a), has been documented in Cascadia through multiple lines of
evidence (Hyndman, 2013). This separation is proposed to be
mechanically controlled by the interplay of temperature and high
fluid pressure (Gao X and Wang KL, 2017).

Megathrust locking is modeled by kinematically prescribing a
back-slip rate distribution (Savage, 1983), calculated as the product
of the locking ratio distribution and the profile-parallel conver-
gence rate (~30-40 mm/yr; DeMets et al., 2010). For simplicity, we
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Figure 3. Model setups and geometry. (a) lllustration of the two explored free parameters (i.e., H. and D) of the modeled Cascadia Subduction
Zone. The concepts of intervening gap and ETS zone are proposed by Hyndman (2013) and Rogers and Dragert (2003), respectively. (b) An
example of a finite-element model mesh aligned along the 46° latitude line.
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assume an earthquake recurrence interval of 300 yr, based on the
averaged interval from paleo-earthquake records (Goldfinger et
al., 2017) and the rough elapsed time of the last megathrust earth-
quake in AD 1700 (Satake et al., 2003), and that the slip deficit
accumulated during each cycle is fully released in coseismic
rupture events (Li SY et al.,, 2020; Li SY and Chen L, 2023). This
recurrence time is similar to the elapsed time since the last earth-
quake at the time GNSS data were collected mainly during the
first decade of the 215t century (McCaffrey et al., 2013), and varying
this time does not change the predicted displacement velocities
because of the steady state of the subduction system (Figure S1 of
Li SY et al., 2018b). We run our viscoelastic models over 10 earth-
quake cycles to reach a steady state (e.g., Hetland and Hager,
2006) and extract the 5-yr-averaged velocities before the next
earthquake for comparison with GNSS data, following the
approach of Li SY et al. (2020). The GNSS velocities within 80-km-
wide, margin-normal swath profiles are used to compare with
predictions from the models with the corresponding local slab
geometry. The goodness-of-fit between observed and modeled
horizontal and vertical velocities is evaluated using the root mean
square (RMS) misfit. Varying the width of the profiles for selecting
the data does not significantly change the results. To explore the
first-order variations of H. and D along the trench-parallel direction
and minimize the 3D effects, we primarily analyze four 2D profiles
aligned with latitude (i.e., 42°, 44°, 46°, and 48°). Profiles farther to
the south (40°) and north (50°) are excluded owing to, respec-
tively, large uncertainties (caused by block motion and postseismic
deformation of nearby earthquakes) and sparse data coverage
(Figure 1).

Given the inherent nonuniqueness of geodetic data in constraining
a kinematic model, we further refine the parameter space of H,
and D using prior constraints from thermal modeling (Hyndman
and Wang K, 1995), the depth of the ETS zone (30-40 km; Rogers
and Dragert, 2003; Gao X and Wang KL, 2017), and the updip
extent of the tremor zone (Wirth and Frankel, 2019). The uncer-
tainty in temperature-based locking depth estimates is approxi-
mately +25 °C, with the 100 °C isotherm corresponding to depths
of 10-20 km (thick yellow and red curves in Figure 1; Hyndman
and Wang K, 1995). Consequently, the associated depth uncer-
tainty is assumed to be 2.5-5 km. As shown in the following
section, these constraints of D prove to be valuable in refining H,,
given the trade-off between H.and D in our models.
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3. Results and Discussion

3.1 Trade-Off Between H.and D

The first-order controls of interseismic deformation by the locking
depth of the plate interface and the Earth’s viscoelasticity have
been well established through both elastic and viscoelastic
models (Savage, 1983; Trubienko et al., 2013; Li SY et al., 2015). In
particular, for a given convergence rate, a deeper locking depth
results in higher deformation rates and a broader deformation
pattern. In our viscoelastic models, which account for earthquake
cycles and historical earthquakes, this control of D remains valid:
deeper locking leads to higher predicted horizontal velocities
across the entire upper plate (Figure 4a). The impact of H, on
interseismic surface deformation can be readily analyzed using
the (semi)analytical solutions of layered Earth models (e.g., Wang
RJ et al., 2006; Noda et al., 2018). Our subduction models further
illustrate the clear influence of H, with its effect varying depending
on the distance from the trench (Figure 4b). For instance, when
D =10 km, the influence of H, is most pronounced within a trench
distance range of 100-400 km, whereas it is weaker both closer to
and farther from the trench (Figure 4b). This result suggests that
observations within this range can be used to constrain H.. Addi-
tionally, for a given D, the effect of H, exhibits a saturation pattern
with increasing H.. For example, when D = 10 km and H, > 40 km,
further increases in H, do not significantly alter the predicted
deformation rate curve (Figure 4b). This saturation effect indicates
a potential limitation in using deformation data to constrain H, if
its value is too large.

The trade-off between H, and D is expected, as both parameters
exert a substantial influence on surface deformation (e.g.,
>5 mm/yr, which is much larger than GNSS observation errors;
Figure 4). However, this trade-off has been underappreciated in
previous studies. To further explore this relationship, we systemat-
ically vary both parameters and evaluate the horizontal GNSS data
misfit across different models (Figure 5). Using the misfit curves as
a criterion for assessing model performance, as is conventionally
done, we find that multiple combinations of H. and D can yield
similarly low misfit values, defining preferred parameter ranges
(e.9,5<D<125kmand 10 < H. < 50 km; Figure 5a). Conversely,
certain parameter ranges are disfavored by the GNSS data; for
instance, when D > 20 km, the data misfit increases substantially
(Figure 5b). These findings suggest that although GNSS data can
help identify plausible and implausible parameter ranges, it alone
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Figure 4. Impacts of (a) full locking depth (D) and (b) elastic upper-plate thickness (H) on the fitting of horizontal GNSS data along the latitude
46° profile. H. of models shown in (a) and D of models shown in (b) are assumed to be 40 km and 10 km, respectively.
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is insufficient to further refine the most reasonable values because
of the trade-off between H. and D. Therefore, additional
constraints from multiple data sources are necessary for more
robust parameter estimation. For instance, incorporating both
horizontal and vertical GNSS data (Figure 6), as well as independent
constraints from thermal modeling or tremor depth observations
(Figure 7), can provide further refinement.

3.2 Preferred H.from Multiple Constraints

We first examine the combined ability of horizontal and vertical
GNSS data components to constrain H. and D (Figure 6). Both
components exhibit a clear trade-off between the two parame-
ters, but in different ways. Specifically, when H, < 40 km, a relatively
higher H. combined with a relatively higher D can equally explain
the horizontal data (Figure 6a), whereas a relatively higher H,
combined with a relatively lower D can equally explain the vertical
data (Figure 6b). For H, > 40 km, neither horizontal nor vertical
data can effectively constrain H., but both favor a similar D
(~10 km for horizontal data and ~7.5 km for vertical data; Figure
6). Consistent with the findings in Section 3.1 (Figure 5), models
with D > 20 km result in high RMS misfits for both horizontal and
vertical components (Figure 6). These similarities and differences
in how horizontal and vertical data constrain H, and D suggest
that both components capture the same underlying deformation
process but exhibit preferences for slightly different parameter
values. This distinction may be useful for refining estimates of H,
and D. Therefore, it is essential to jointly consider both horizontal
and vertical data in interseismic deformation models (e.g., Li SY et
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al,, 2020; Li SY and Chen L, 2022).

We then evaluate the total RMS misfit of horizontal and vertical
data while incorporating prior constraints on D derived from ther-
mal and seismological observations to refine estimates of H. and
D (Figure 7). Refinement can be achieved mainly because of the
trade-off between H. and D (Figure 6). In calculating the total RMS
misfit, the vertical data are often weighted 3 times more than the
horizontal data. However, vertical deformation in Cascadia is influ-
enced by multiple known and unknown processes unrelated to
earthquake-cycle deformation (Wang KL and Tréhu, 2016). Assign-
ing greater weight to the vertical component complicates uncer-
tainty quantification, whereas down-weighting it effectively
discards an already subtle signal. Following Li SY et al. (2020) and
to maintain methodological simplicity, we assign equal weighting
to the horizontal and vertical data in this study. Jointly considering
horizontal and vertical data in the total RMS misfit generally
excludes models with H. > 40 km (Figure 7). Additionally, prior
constraints—especially the 350 °C isotherm depth (thick red line
in Figure 1; Hyndman and Wang K, 1995)—help rule out models
with D < 7.5 km (Figure 7). In contrast, the 450 °C isotherm depth
and the upper limit of the tremor zone (thick green line in Figure
1; Wirth and Frankel, 2019) do not provide a stronger constraint
on the upper bound of D than the GNSS data alone. This may be
due to the presence of an intervening gap (Hyndman, 2013),
which suggests that both the 450 °C isotherm and tremor top
depth must be deeper than D. We also find that models where D >
H. generally produce poor fits to the GNSS data (Figure 7), consis-
tent with the young and warm setting of this subduction zone,
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Figure 6. Performance of models with different D and H, on fitting (a) horizontal and (b) vertical GNSS data along the latitude 46° profile,
respectively. The white curves denote the inherent trade-off between H. and D.
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Figure 7. Determination of preferred parameter ranges for H. and D
based on the total RMS misfit of horizontal and vertical data along the
46° latitude profile, along with additional constraints at the same
latitude (indicated by white and gray shading). Notably, models with
D shallower than the 350 °C isotherm are excluded in this case,
despite their ability to fit the GNSS data well.

where locking tends to be shallow (Oleskevich et al., 1999; Hynd-
man, 2013). Considering these multiple constraints, we identify
relatively narrow preferred ranges for H. and D along each profile
in the trench-parallel direction (Figure 7) and synthesize lateral
variations of H. and D across the entire Cascadia Subduction Zone
(Figure 8).

3.3 Lateral Variations of H.and D

Assembling the estimated H, values from different profiles reveals
a systematic northward increase that correlates well with the
increase in oceanic plate age (Figure 8a; Wells et al., 1998; Wilson,
2002). The difference in H, between the northernmost (30 km) and
southernmost (20 km) profiles reaches up to 10 km, corresponding
to an approximate 5 Ma difference in subduction age beneath the
forearc (Figure 8a). We propose that an old plate age cools down
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the forearc area (Syracuse et al.,, 2010; Epstein et al.,, 2024), resulting
in an estimated growth rate of the elastic upper-plate thickness of
approximately 2 km/Ma in Cascadia. Regional upper-plate geology
and lithology, including the size and thickness of accreted
terranes (Wells et al.,, 1998; Egbert et al., 2022) and subaccreted
sediments (Delph et al., 2021), may also contribute to the
observed lateral variations in H.. Furthermore, trench-normal vari-
ations in the elastic contrast of the overriding plate (Luo HP and
Wang KL, 2021; McKenzie et al., 2022; D'Acquisto et al., 2023) and
the viscosity contrast in the mantle wedge (Li SY et al., 2018a) may
influence the lateral estimation of H,.

Despite these influencing factors, lateral variations in H. have
been neglected in previous viscoelastic models of Cascadia (e.g.,
Wang KL et al,, 2012; Li SY et al., 2018b). Given the widespread
lateral variation in oceanic plate age across accretionary subduc-
tion zones, lateral heterogeneity in H. is likely common. Incorpo-
rating such variations into earthquake-cycle deformation models
(e.g., interseismic and postseismic models) could significantly alter
predictions of horizontal and vertical deformation, owing to the
effect of the D/H, ratio on surface deformation patterns (Li SY and
Chen L, 2023, 2024a). Because of the trade-off between H. and D,
refining Hc in 3D models will also enhance the precision of D esti-
mates, thereby improving seismic hazard assessments (e.g.,
Ramos et al., 2021; Chan et al,, 2023) and advancing our under-
standing of fault mechanics in conjunction with other geophysical
observations (e.g., Carbotte et al., 2024; Fisher and Hirth, 2024).

Our results show that H, carries greater uncertainty in its estimation
compared with D (horizontal error bars in Figure 8), suggesting
that H, is a parameter more difficult to constrain. In contrast, D
values remain relatively consistent around ~10 km depth along
the margin (Figure 8b), consistent with previous studies that have
obtained laterally uniform locking based on geodetic and thermal
models (Hyndman and Wang K, 1995; Wang KL et al., 2003). The
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Figure 8. Lateral variations of the preferred (a) Hc and (b) D (black dots with error bars) based on multiple constraints. In (a), the red curve with
gray shading is the plate age beneath the forearc from Wilson (2002), processed by Bodmer et al. (2020). In (b), the orange and green curves
represent the preferred 0.8 and 0.7 locking degree distributions, respectively, from Li SY et al. (2018b), derived using a 3D viscoelastic model with
a uniform 40-km upper-plate elastic thickness. Vertical error bars represent the width of the data profile (80 km), and horizontal error bars are

obtained from modeling.

Li SY and Chen L: Cascadia elastic upper plate thickness



1044 Earth and Planetary Physics  doi: 10.26464/epp2025079

trend of slightly deeper locking depths in the north compared
with the south also aligns with results from the 3D viscoelastic
locking model of Li SY et al. (2018b; Figure 8b), supporting the
robustness of our 2D approach for constraining both H. and D.

4. Further Discussion

Our findings of H. and D may have implications for understanding
faulting processes and the physics of ETS, which commonly
invoked low normal stress and elevated pore-fluid pressure along
a narrowed fault zone of the plate interface at ETS depths (e.g., Liu
YJ and Rice, 2007; Peacock, 2009; Audet and Biirgmann, 2014; Gao
X and Wang KL, 2017; Birgmann, 2018; Im et al., 2020; Behr and
Burgmann, 2021; Ando et al., 2023; Perfettini and Molinari, 2023).
Compared with Nankai, where ETS typically occurs at 30-40 km
depth, ETS events in Cascadia also occur at similar depths but
under thermal conditions approximately 100 °C higher. This differ-
ence suggests that the thermal structure or metamorphic reactions
may not be the primary controlling factors at different margins
(Peacock, 2009; Syracuse et al., 2010). Given the lateral variability
in Hc (Figure 8a) and its much shallower depth than that of the ETS
zone, ETS may also not be directly or strongly governed by litho-
sphere-asthenosphere rheological layering—such as the H, varia-
tions observed here—but instead by depth-dependent mechanical
processes (e.g., stress or pore-fluid pressure conditions, or both),
which warrant further investigation.

Our 2D models reveal pronounced along-strike variation in H
(Figure 8a), underscoring the importance of 3D effects in the
Cascadia Subduction Zone. By assuming uniformity out-of-plane,
2D sections systematically underestimate the locking depth, D,
and—because of the trade-off between D and H, (Figure 6)—like-
wise bias H. toward lower and less variable values. A fully 3D treat-
ment would therefore likely yield even greater along-strike
contrasts in H.. However, inversions of the 3D viscoelastic structure
remain technically and computationally challenging: each forward
simulation requires structure refinement to capture lateral hetero-
geneity, and the inversion must navigate a substantially larger
parameter space. Moreover, the regularization inherent in most
inverse methods tends to smooth true variations in both H. and D.
Addressing these 3D challenges will require advances in both
numerical techniques and inversion strategies. Although a handful
of studies have embedded seismologically or gravity-inferred 3D
crust-mantle structures into crustal deformation models (e.g.,
Moreno et al., 2009), robust geodetic constraints on along-strike
variations of H are still lacking for most convergent margins.

To our knowledge, this is the first study to deliberately constrain
the lateral variation of H. by exploiting interseismic surface defor-
mation induced by megathrust locking and its ensuing viscoelastic
mantle relaxation (Li SY et al., 2020). Future work involving addi-
tional case studies will enable meaningful global comparisons;
however, this endeavor hinges on either properly correcting for
postseismic effects in the geodetic data or focusing on margins
that are unequivocally in the interseismic phase of the seismic
cycle (Li SY and Chen L, 2023). We here propose that subaccretion-
driven tectonics and accretionary-wedge cooling in Cascadia
underpin the apparent correlation between H, and the age of the
subducting plate—a relationship that may not persist in margins

characterized by different tectonic regimes. For example,
although no investigation has yet linked lateral variation of H, to
short-term interseismic deformation in the Nankai margin, the
long-term elastic thickness of its upper-plate lithosphere inferred
from topography and gravity data is relatively uniform (~30 km;
Kudo et al., 2001) and correlates with the along-strike variation in
ETS depth. A globally self-consistent synthesis of H. and D studies
with interseismic deformation will ultimately shed light on the
common processes operating across diverse convergent margins
throughout the earthquake cycle.

5. Conclusions

Our 2D forward viscoelastic earthquake-cycle modeling of inter-
seismic GNSS data across Cascadia reveals a significant trade-off
between elastic upper-plate thickness (H,) and locking depth (D),
emphasizing the need to jointly consider multiple data types and
geophysical constraints to robustly resolve both parameters.
Whereas D remains relatively consistent (~10 km) along strike, H,
exhibits a systematic northward increase that correlates with
oceanic plate age, suggesting a tectonic control likely linked to
subaccretionary processes and accretionary wedge growth. This
lateral variation in H., often neglected in previous earthquake-
cycle deformation models, has important implications for inter-
preting interseismic and postseismic surface deformation, refining
seismic hazard assessments, and understanding the mechanics of
ETS. Our findings underscore the importance of accounting for
trench-parallel heterogeneities in future 3D viscoelastic modeling
efforts to compare with different margins and better capture the
complexity of subduction zone dynamics.
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