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A. Motivation and overview

Geodesists routinely measure interseismic surface displacements and invert them to estimate the
distribution of slip deficit (also known as coupling models) along subduction interfaces (7-4) . These
geodetic coupling models are commonly used to assess seismic hazard, particularly in regions
where historical earthquake records are sparse, such as the Cascadia subduction zone (5, 6) with
the assumption that future megathrust events are more likely to rupture geodetically locked sections
of the interface.

One limitation of this approach is that it relies on surface displacement data measured over
just a few decades, which represents only a small fraction of the timescales over which earthquake
cycles operate, typically hundreds to thousands of years. This is echoed by recent geodetic
observations showing that the state of coupling along subduction megathrusts can change over
surprisingly short periods, sometimes within just a few years (7—10). Furthermore, recent laboratory
measurements and numerical modeling of earthquake cycles indicate that the relationship between
fault locking degree and capacity to host earthquakes is more complex than previously thought
(11-13).

Our project initiated the development of a framework that integrates geodetic coupling
models from multiple subduction zones into a unified fault model, extending the observational record
from a few decades at each location to several centuries. This framework enables the projection of
coseismic slip from regions with well-documented earthquakes onto places like Cascadia, where
finite slip models are absent, eventually allowing us to evaluate the seismic risk more precisely. To
accomplish this, we follow a three-stage approach. First, we compile and unify all available geodetic
coupling and finite slip models from megathrusts worldwide. Second, we systematically evaluate
whether and how coupling and coseismic slip are correlated using the full set of available seismic
data. Third, we train a neural network that maps source coupling distributions from Japan (3) and
Chile (74) onto a target Cascadia megathrust coupling (75). This mapping preserves the inherent
geodetic characteristics of the coupling models and is used to project finite slip distributions from
Chile and Japan onto the target region.

B. Results

1. Compilation of megathrusts geodetic coupling and finite slip models

We gathered coupling models for fourteen subduction zones, prioritizing coupling models that
incorporate the most current geodetic observations (Fig. 1). In addition to the coupling data, we
collected 57 finite slip models corresponding to earthquakes along the same fourteen active
margins. About a third of our finite slip models were obtained from Hayes (2017), who used
consistent inversions of body and surface waves, compiling finite slip models for over 160
earthquakes.

We used USGS finite fault solutions (76—40) for recent earthquakes not covered by Hayes (47).
Lastly, we supplemented our dataset with historic slip models from other published studies (42-57).
Together, our compiled dataset spans a century of megathrust earthquakes (Fig. 2), from the 1923
Kanto earthquake (52) to a magnitude 7.0 event that ruptured the Kamchatka megathrust in August
2024 (28).
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Fig 1 - Coupling distributions for fourteen active margins (1, 3, 714, 53-61) and 57 finite slip models.
Blue, cyan, and green contours indicate finite slip models computed by USGS(716-40), Hayes (41)
and other workers (42—51), respectively. Solutions were obtained from SRCMOD database (62).

2. Comparison between geodetic coupling and slip model

Although not part of our original plan, we realized that the neural network relies on the relationship
between interseismic coupling and coseismic slip, prompting us to systematically evaluate this
correlation. Previous work explored primarily individual subduction zones and only large megathrust
earthquakes (2, 14, 63—65).

We use our global dataset (Fig. 1) to quantify this correlation and convert each finite-slip model into
a probability density function (PDF). Consequently, we sample the PDF into a discrete cloud of
points, such that a higher point density represents regions of larger slip. We extract the
corresponding coupling value for each sampled point, allowing us to characterize the relationship
between slip and coupling by constructing cumulative distribution functions (CDFs) of the extracted
coupling values. We demonstrate that larger earthquakes tend to exhibit a stronger correlation with
highly coupled regions. For instance, only ~10% of the slip for events smaller than moment
magnitude 7.5 occur in areas where the coupling value is 1.0. In contrast, for the full set of events,
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Fig 2 - Source, spatial and temporal distributions of moment magnitude for the obtained finite slip
models(716-39, 41-51).

approximately 25% of the total slip is concentrated in these highly coupled regions (Fig. 3A). We also
find that most subduction zones exhibit a broadly similar correlation between slip and coupling.
Among them, Chilean earthquakes show the strongest correlation, while Guatemala displays the
weakest, though the latter is likely an outlier (Fig. 3B).

Lastly, we evaluate the observed correlation in the context of theoretical expectations, and compare
our results with synthetic earthquake cycles generated using simulations of sequences of
earthquakes and aseismic slip (SEAS) implemented in the open-source code tandem (66). While the
relationship between geodetic coupling and slip may vary across fault systems due to differences in
geometry and frictional properties, we adopt parameters representative of central Cascadia to
capture first-order correlations under realistic tectonic settings. To this end, we simulate a 10°
shallowly dipping megathrust governed by aging-law rate-and-state friction in 2D (Fig. 3C). We show
that the observed correlation is weaker than the patterns predicted by our idealized
rate-and-state-based simulation (Fig. 3A), which may suggest an important role of along-dip or
along-strike stress and strength heterogeneities.

We note that the sampling approach presented here was initially developed to convert finite-slip
models into point-based data for our neural network (Section 3), which operates exclusively on
discrete spatial inputs. However, we found that this discretization also provides an effective statistical
framework for assessing the spatial correlation between coupling and slip across subduction zones.
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Fig 3 - Correlation between interseismic coupling and coseismic slip. A - Stacked slip—coupling
cumulative distribution functions (CDF) for all finite-slip models (blue), Mw<7.5 (grey) and synthetic
earthquakes (magenta) generated along a megathrust governed by rate-and-state friction (RSF). For
example, the magenta and blue curves indicate that ~60% and ~25% of total slip occurs in regions
with near-complete coupling (coupling = 1) for synthetic and observed earthquakes, respectively. B -
Stacked slip—coupling CDFs group by subduction zone. C - Model domain used to generate
synthetic earthquake sequences, featuring a megathrust dipping at 10° with frictional properties
selected to broadly replicate interseismic behavior observed in the central Cascadia subduction
zone.

3. Synergizing megathrust Seismo-Geodetic coupling and slip models

We develop a framework that synergizes principles of optimal transport and machine learning to
create a proof-of-concept seismo-geodetic Cascadia fault slip model, assimilating long-term and
co-seismic geodetic-seismo observables from Chile and Japan. Our algorithm has two components,
(1) the Wasserstein Generative Adversarial Networks (63) which is trained to produce projection, G,
to map discrete samples , 7, from a source coupling distribution, S, to target coupling distribution, T

—_ 1 N =, =.
by minimizing the Wasserstein distance Lw = Nzilexz G(xz)H where N is the number of
samples in the batch. At the same time, the network is trained to preserve the intrinsic geometry of
the coupling distribution by minimizing pairwise distances between 7" and S using the following (2)

_ 1 N 2 7. — 7)) — T
Leons = w2 25 i1 |17 = Z511 = 1G(@) = G@EDI| This formulation ensures that (1) the overall
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shape of the source coupling distribution is projected into the target style(Fig 4B,C), and (2) the
relative distances among sample points (linked to 7' and S) remain consistent, which preserves the
dimensions of projection. We can then generate discrete samples using finite slip models (see
section 2) and use G to move them from one subduction to another (Fig. 4A). We note that our
original formulation aimed to preserve the intrinsic geometry of the coupling distribution by
minimizing the difference in coupling values between the source and target domains (minimizing

Cs(%) — Cr(G(Z)) where C(Z) returns coupling value at 7). However, we observed that this
formulation, when applied to real coupling models, often fails to preserve the geometric structure of
the source distribution and can result in projections where earthquake rupture areas become
unrealistically large while exhibiting very low slip values.
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Fig 4 - Mapping of chile and Japan coupling to
Cascadia. A - Cascadia target coupling distribution
(15) used to project coupling maps from Chile (14)
and Japan (3) (Fig 1). Green and blue contours
indicate slip for earthquakes mapped from Chile and
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C. Future steps
e Finish a first manuscript that summarizes the results of section B.2 by the end of summer
2025.
Expand our optimal transport and machine learning analysis (section B.3) to include all
subduction zones beyond just Chile and Japan, and investigate whether our revised
formulation performs consistently across all regions, with the goal of submitting a second
manuscript in winter 2026.

D. Presentations
e Poster Presentation at the SSA Annual Meeting 2025 (Oryan & Gabriel, SSA 2025)
e Invited talk, Rutgers University, Department of Earth and Planetary Sciences, March 2025.
e Invited talk, Dartmouth College, Department of Earth Science, February 2025.
e Invited talk, University of Oregon, Department of Earth Sciences, January 2025.
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