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Key Points:

» We systematically explore the effects of three loading schemes on modeled on- and
off-fault deformation patterns in a 2D curved megathrust.

 Parallel and side push loading schemes result in a long-term accumulation of ver-
tical displacements and fault-normal stresses.

¢ Subducting slab loading scheme reduces artifacts in multi-cycle simulations and
gives rise to more realistic deformation patterns.
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Abstract

State-of-the-art simulations of sequences of earthquakes and aseismic slip (SEAS) require
realistic loading conditions and physics-based constitutive laws to produce the full spec-
trum of fault slip. Previous studies have shown that loading schemes may affect long-
term system behavior, including earthquake recurrence intervals. However, the effects

of loading schemes on rupture characteristics and off-fault deformation patterns remain
poorly understood, particularly for non-planar dipping faults. Here, we systematically
compare three loading schemes for a curved megathrust. In “parallel loading”, we pre-
scribe far-field velocities on the sides of a parallelogram-shaped domain aligned with the
deep fault root. In “side push loading”, we prescribe horizontal shortening. In “subduct-
ing slab loading”, we prescribe a constant velocity at the bottom of the subducting plate.
We find that earthquake sequences are similar under parallel and side push loading schemes,
whereas additional complexity emerges under subducting slab loading, exhibiting dif-
ferent recurrence intervals, average slip, and stress drops. Parallel and side push load-

ing schemes result in a long-term accumulation of vertical displacements and fault-normal
stresses, which is mitigated under subducting slab loading. Among the three loading meth-
ods, subducting slab loading scheme produces deformation patterns most consistent with
geodetic observations, including surface displacements due to earthquakes, afterslip, and
slow slip events. We further examine the effects of domain length, slab thickness, and
material heterogeneities on simulated rupture characteristics and deformation patterns.
These results highlight the role of loading conditions on modeled deformation patterns

in SEAS simulations.

Plain Language Summary

Simulations of sequences of earthquakes and aseismic slip (SEAS) are computer mod-
els that represent both fast earthquakes and slow fault motion, helping us understand
how faults slip over many earthquake cycles. In these models, an important choice is how
tectonic loading is applied at the model boundaries, which can affect earthquake recur-
rence. We compare three ways of loading a curved thrust fault, similar to faults in sub-
duction zones where one tectonic plate dives beneath another. We find that two of the
three loading methods introduce artificial stresses on the fault and produce long-term
surface motion that grows over time, in contrast to geodetic observations. The third method,
which represents pulling motion applied along a subducting slab, reduces both on-fault
stresses and long-term surface motion by up to two orders of magnitude. Surface mo-
tions produced by this method also capture slow fault slip, consistent with that observed
during natural earthquake cycles. Our results show that boundary conditions can strongly
affect modeled deformation patterns, even with the same fault geometry and frictional
properties. These results emphasize the need to carefully select loading conditions when
using SEAS models to study subduction zone hazards.

1 Introduction

Subduction zones host the largest and most damaging earthquakes on Earth (e.g.,
Kato et al., 2012; Stein & Okal, 2005), and considerable effort is devoted to understand-
ing the physics underlying megathrust earthquakes and mitigating the associated haz-
ards. Unfortunately, observations of the earthquake cycle in subduction zones remain
limited due to the scarcity of seafloor instrumentation (Govers et al., 2018; Hill et al.,
2012; Lindsey et al., 2021; Yokota et al., 2018). Physics-based numerical simulations have
emerged as valuable tools to overcome the limited spatiotemporal coverage of observa-
tions and to provide insights into subduction zone dynamics. For example, dynamic rup-
ture simulations (Day, 1982; Harris & Day, 1999; Ramos et al., 2022), which focus on
earthquake rupture and wave propagation during individual events, reveal the role of com-
plex fault geometry (e.g., Ando & Kaneko, 2018; Kozdon et al., 2013), strength and stress
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heterogeneities (e.g., Duan, 2012; Glehman et al., 2025; Weng & Yang, 2018; Wong et
al., 2026), and off-fault plasticity (e.g., Ma & Hirakawa, 2013; Ulrich et al., 2019) for megath-
rust earthquake complexity.

Simulation of sequences of earthquakes and aseismic slip (SEAS; Erickson et al.,
2020) is another physics-based modeling framework that aims to bridge all stages of seis-
mic cycles from interseismic loading to coseismic rupture nucleation, propagation, and
termination, spanning a wide range of time scales from millennia to milliseconds (Barbot
et al., 2012; Lapusta et al., 2000; Rice, 1993). These simulations couple the elastodynamic
equations to the experimentally inferred rate-and-state friction law (Dieterich, 1979; Ru-
ina, 1983) to produce spontaneous evolutions of the slip history given fault geometries,
elastic properties, and frictional properties.

Recent advances in computational resources and optimization methods allowed SEAS
simulations to account for complex fault geometry (e.g., Biemiller et al., 2024; Ozawa
& Ando, 2021; Romanet et al., 2018; Rodriguez Piceda et al., 2026; Tal & Gabrieli, 2024)
or heterogeneous stress and strength conditions (e.g., Hillers et al., 2006; Jiang & La-
pusta, 2016; Molina-Ormazabal et al., 2023). These realistic SEAS simulations have re-
vealed the importance of variations in fault geometry, tectonic loading, and frictional prop-
erties in reproducing subduction zone earthquakes (e.g., Herrera et al., 2024; D. Li & Liu,
2016; Perez-Silva et al., 2022; Yu et al., 2018) and the interaction between seismic and
aseismic processes (e.g., D. Li & Gabriel, 2024; Meng & Duan, 2023; Shibazaki et al.,
2019).

In particular, SEAS simulation codes that utilize volume discretization provide a
unique opportunity to advance the understanding of subduction zone earthquakes, as
they can incorporate geodetically inferred spatiotemporal variation of tectonic loading
within a finite-sized domain (e.g., Allison & Dunham, 2018; Duan & Oglesby, 2006; Er-
ickson & Dunham, 2014; Takeuchi & Fialko, 2012), rather than a half-space as assumed
in boundary element/integral methods. Volumetric SEAS simulations can also handle
complex fault geometry (e.g., Liu et al., 2020; Mia et al., 2024) and heterogeneous ma-
terial properties (e.g., Kaneko et al., 2011; Thakur & Huang, 2021; Yun et al., 2025). Al-
though volumetric SEAS simulations require higher computational costs, advances in par-
allel computing, often utilizing high-performance computing (HPC), enable volume-discretized
SEAS simulations with realistic on- and off-fault properties (e.g., Gabriel et al., 2025;

M. Li et al., 2022; Liu et al., 2020; C. C. Pranger, 2020; Uphoff et al., 2023).

Previous community code verification exercises have shown that simulated slip his-
tories of volumetric SEAS codes are sensitive to the loading scheme and the domain size
(Erickson et al., 2020; Jiang et al., 2022; Lambert et al., 2025). Erickson and Dunham
(2014) obtained comparable rupture evolutions across models with different domain sizes
in their vertical strike-slip fault simulations. However, they changed the characteristic
state evolution distance (Dgg, Eq. (1)) when they changed the domain size, making it
unclear whether the rupture evolution would remain unchanged even under the same Dpgg
value. M. Li et al. (2022) tested two different loading methods and computational do-
main sizes using a vertical strike-slip fault and reported minimal impact on short- and
long-term rupture characteristics. However, a systematic exploration of how different load-
ing conditions affect modeled SEAS has not been conducted, particularly for non-vertical,
non-planar faults, such as those in subduction zones.

In this study, we compare three different loading schemes utilized in previous stud-
ies and systematically examine their benefits and limitations. We model a thrust fault
with a curved geometry embedded in an isotropic elastic computational domain. The
“parallel” loading accounts for loading from both sides and the bottom, the “side push”
loading assumes horizontal convergence, and the “subducting slab” loading imposes a
constant velocity at the bottom of a finite-thickness slab. We examine the effects of do-
main size, slab thickness, and heterogeneity in elastic properties on modeled rupture and
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deformation patterns. Parallel and side push loading schemes produce comparable re-
currence intervals, average slip, stress drops, and rupture extents, whereas subducting
slab loading produces distinct sequences with additional partial rupture earthquakes. The
three loading schemes are clearly distinguished by their strain rate distributions within
the computational domain, with different locations of strain localization. Among the three
loading methods explored in this study, the subducting slab loading produces deforma-
tion patterns most consistent with observations, including minimal long-term vertical
motion and clear afterslip and slow slip event signals. Across loading schemes, on-fault
stressing rates and off-fault strain rates vary by 1-2 orders of magnitude, indicating that
boundary conditions control deformation patterns in SEAS simulations. Although this
study uses a volumetric method, such sensitivity to loading conditions is not necessar-

ily limited to volumetric approaches. Future studies should therefore carefully consider
potential loading-driven artifacts when designing and interpreting modeled slip sequences.

2 Model Setup
2.1 SEAS Simulations Using Tandem

We use the open-source volumetric SEAS simulation software Tandem (Gabriel et
al., 2025; Uphoff et al., 2023) to explore different loading schemes. Tandem uses a sym-
metric interior penalty discontinuous Galerkin (SIPG) spatial discretization with the reg-
ularized formulation of the rate-and-state friction law (Dieterich, 1979; Lapusta et al.,
2000; Ruina, 1983):

-7 = n i ! 7‘7
T aao. ,smh |:2 2 exp (

where 7 and o, are shear and normal stresses on the fault, respectively, V is the slip rate,
V0 is the reference slip rate, a and b are the rate-and-state parameters controlling direct
and evolution effects, respectively, Drg is the characteristic state evolution distance, fj

is the reference friction coefficient, and 6 is the state variable. We adopt the aging law
(Dieterich, 1979) for the evolution of the state variable @, given by

do Ve
dt Dgrs (2)

The ODEs for the state variable are evolved using an embedded fifth-order Runge-Kutta
scheme with a Dormand-Prince error controlled adaptive time stepping scheme. Support
for the time integration method is provided by PETSc’s TS object (Abhyankar et al.,
2014; Balay et al., 1997, 2019).

We perform two-dimensional (2D) quasi-dynamic simulations, in which a radiation
damping term nV (Eq. (1)) approximates the inertial effect, with n = u/2¢, being the
half shear-wave impedance for shear modulus p and shear-wave speed ¢ (Rice, 1993).
In most of the models, we assume a spatially constant ¢, = 3.464 km/s and density p =
2670 kg/m?, yielding a uniform constant value for y of ~ 32 GPa.

2.2 Boundary Conditions and Loading Schemes

Volumetric SEAS methods allow prescribed boundary conditions to drive defor-
mation in the elastic bulk material. Tandem supports three types of boundary condi-
tions: 1) fault interface governed by rate-and-state friction law (black lines in Fig. 1),

2) free surface with zero traction (grey lines in Fig. 1), and 3) Dirichlet boundary con-
dition with predefined displacements (red lines in Fig. 1). Note that Tandem does not
consider “roller” boundary conditions (i.e., free-slip). We load the 2D elastic computa-
tional domain by prescribing the spatiotemporal evolution of displacement upc(x,y,t) =
(ug(t), uy(t)) along Dirichlet boundaries. In all three loading schemes, we fix the verti-
cal extent of the domain to 200 km and assign a free surface boundary condition to the
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surface (i.e., zero depth) and the bottom of the computation domain (i.e., 200 km depth).
All three loading schemes require 800-900 CPUh to perform a 2,000 yr long SEAS sim-
ulation.

The first loading scheme considered in this study is “parallel loading” or “PL”, where
both ends of a parallelogram-shaped domain move opposite to each other parallel to a
deep VS part of the fault (Fig. 1la). Within the domain, we embed an internal linear in-
terface connected to the fault with the same uniform dip beneath the fault to apply load-
ing from the bottom as well. This loading scheme is similar to that suggested by the com-
munity benchmark problem BP3 (Erickson et al., 2023), which aims to capture the con-
cept of the “back-slip” approach (Savage & Prescott, 1978; Savage, 1983). We impose
the displacement u£EL along both Dirichlet boundaries beneath the fault and at both
far-field edges:

WL (g 1) = {vplt<—cos<¢>/2,sin<¢>/2> >0 )
- Voit(cos(¢)/2, —sin(¢)/2) = <0’

where ¢ is the uniform dip angle of the Dirichlet boundaries. Because the dip angle of
the fault changes toward the surface, stresses in the shallow crust are expected to be-
come progressively more tensile in this scheme.

The second loading scheme, termed “side push loading” or “SPL”, assumes hor-
izontal velocities at both ends of a rectangular domain, while fixing far-field vertical mo-
tion to zero (Fig. 1b). Biemiller et al. (2024) utilized this type of loading in their explo-
ration of the curvature in subduction zone rupture characteristics. The displacement time
history imposed on the Dirichlet boundaries at both sides is:

(~Vat/2.0) z>0
it = {010, 8

There is no Dirichlet boundary beneath the fault in this loading scheme, and the entire
interface, ranging from the surface to the bottom, is governed by the rate-and-state fric-
tion law.

In the last loading scheme considered in this study, termed “subducting slab load-
ing” or “SSL”, a slab of finite width (D) drives the relative plate motion, while the far-
field displacements on the overriding plate are set to zero (Fig. 1c). This scheme mim-
ics the kinematics of subduction zones. Kanda and Simons (2010) explored a similar load-
ing scheme using dislocations in an elastic half-space, and Shreedharan et al. (2023) uti-
lized it in their geodynamic simulations of the Hikurangi subduction zone in New Zealand.
The displacement imposed on the Dirichlet boundaries is:

wSSL (4 _ ) (0,0) T = Tend, Y 2 Yf
B (@,9,0) {Vplt(cos(qb(w)),—sin(¢(w))) otherwise ’ (5)

where ¢(x) is the varying local dip angle at = (x,y), Teng is the maximum z value

on the slab, and y is the thickness of the far-field zero-displacement boundary layer. Un-
less otherwise mentioned, we use D = 30 km and yy = —D. We discuss the effects of

the slab thickness and y; in more detail in the Section 6.1 and in Supplementary Text
S1, respectively. Similar to the side push loading, the fault extends from the surface to
the bottom of the domain.

2.3 Fault Geometry and Input Parameters

We assume a parabolic fault geometry y = —Az? where y is the depth, z is the
horizontal distance from the trench (in km), and A = 3x1073 km™! is the curvature.
England and May (2021) showed that simple parabolic curves can approximate slab ge-
ometries in the major subduction zones. The effect of different A values in the subduc-
tion zone earthquake cycle has been thoroughly explored in Biemiller et al. (2024). We
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Figure 1. Model geometry and imposed boundary conditions for (a) the parallel, (b) the side
push, and (c) the subducting slab loading schemes. Black lines indicate faults governed by the
rate-and-state friction law, grey lines indicate free surface boundary conditions, and red lines
indicate Dirichlet boundary conditions. Red arrows show the direction and relative magnitude

of the imposed displacements: the length of arrows in each panel is proportional to the imposed
velocity of ||v]| = Vi /2 for the parallel and the side push loading schemes and ||v|| = V; for the
subducting slab loading. Black triangle in panel (c) marks the point (zend,ys) defined in Eq. (5).
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shift the curve such that the point (12.91 km, —0.5 km) is translated to the origin (0 km, 0 km)
to prevent zero dip angle at the surface:

y = —A(z +12.91)> + 0.5. (6)

The resulting geometry yields a dip of 5° at the surface, comparable to that of the north-
ern Hikurangi subduction zone slab geometry (Williams et al., 2013). The vertical di-
mension (width) of the domain is kept at 200 km, while the horizontal dimension (length)
of the domain is 800 km in parallel loading and ~ 1000 km in side push loading. In sub-
ducting slab loading, a domain width of 200 km results in a domain length (x¢pq) of ~
245 km. The domain lengths in parallel and side push loading schemes are chosen to be
400 km distance between the fault and domain boundaries. To assess the effects of these
choices, we perform two additional sets of models: (1) a side push loading model with

a larger domain length of ~1,800 km, and (2) a subducting slab model with an increased
slab thickness (D) of 100 km. These models are denoted with the tag “L”, where “L”
stands for “Large”, and are discussed in detail in Section 6.1. The effects of domain length
for parallel loading are discussed in Erickson et al. (2023), and those for subducting slab
loading (zenq) are discussed in Supplementary Text S1.

For most of the models shown in this study, we adopt simple input frictional prop-
erties from a SCEC community benchmark problem, BP3, tailored for dipping faults (Erickson
et al., 2023), featuring spatially uniform background effective normal stress (¢9) of 50 MPa
and Dgg of 8 mm (Fig. S1). The rate-and-state parameters a,b determine a 15 km-wide
velocity-weakening (VW) seismogenic layer (a—b < 0) underlain by a velocity-strengthening
(VS; a — b > 0) layer (Fig. S1). We set the steady-state stress in the VS layer as the
background shear stress (79) and set the initial state variable to be consistent with the
initial slip rate and the background shear stress. Unless otherwise noted, we use these
spatially uniform input parameters, denoted as “base” models, as summarized in Table 1.
The minimum process zone size and the nucleation size using these parameters are 455 m
and 2.6 km, respectively.

In addition, we explore two sets of model setups to assess how each loading scheme
affects rupture characteristics and deformation under different material/frictional con-
ditions. The first set of simulations accounts for the effect of loading schemes in the pres-
ence of material heterogeneity. In these simulations, we adopt a simplified 2D velocity
structure from Hansen and Schmandt (2017), consisting of a three-layered slab (crust,
mantle, and asthenosphere) and a two-layered overriding plate (crust and mantle), and
a low-velocity wedge (Fig. S2). We denote these models as “heterogeneous material” mod-
els and with the tag “VM”, where “VM” stands for “Velocity Model”. We use the same
rate-and-state friction parameters on the fault as reported in Table 1. The minimum pro-
cess zone size and the nucleation size using these parameters are 566 m and 3.2 km, re-
spectively.

The other set of simulations accounts for depth-dependent background normal and
shear stresses by resolving a spatially uniform stress tensor (o) onto the curved fault

geometry, where o is given by
B_|o1 O
=7 . ™

03

This setup is modified from the high pore-fluid pressure scenario in Madden et al. (2022)
(their scenario 6). We assume that the most compressive principal stress (o1 = 40 MPa)

is horizontal and the least compressive principal stress (o3 = 19.6 MPa) is vertical. Re-
solving the spatially uniform o onto the curved fault geometry (Eq. (6)) results in depth-
dependent ¢ and 79 that increase as the depth increases (dashed lines in Figs. Sla-b).
We denote these models as “uniform o®” models and with the tag “T”, where “T” stands
for “Tensor”. All other parameters are the same as shown in Table 1. The minimum pro-
cess zone size and the nucleation size using these parameters are 1 km and 5.7 km, re-
spectively.
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Table 1. Input parameters used in the SEAS models using Tandem. See Table S1 for input

parameters for models with depth-dependent stresses.

Symbol Parameter Value
a Rate-and-state parameter, direct effect 0.025 - 0.010
b Rate-and-state parameter, evolution effect 0.015
Dgrs Characteristic state evolution distance 8 mm
al Background effective normal stress 50 MPa
70 Background shear stress 26.54 MPa
Cs Shear wave speed * 3464 m/s
p Density * 2670 kg/m3
v Poisson’s ratio 0.25
7 Shear modulus * 32.04 GPa
fo Reference coefficient of friction 0.6
Vo Reference slip rate 1075 m/s
Vinit Initial slip rate 1072 m/s
Vet Plate loading rate 1072 m/s
W Seismogenic zone width 15 km
Ly Rate-and-state fault length 40 km

* Spatially varies for heterogeneous material model (see Fig. S2).

In models denoted using the tag “C”, an abbreviation for “Creep”, we assign VS
rheology throughout the fault, allowing it to creep freely at the assumed plate loading
rate (Vp1). These models illustrate long-term strain and stress accumulation patterns aris-
ing from different loading methods. These models require ~1 CPUh to perform a 2,000 yr
long simulation. We apply this rheology to the larger domain size models (category “L”)
and the uniform o® models (category “T”), denoted with tags “LC” and “TC”, respec-
tively. A complete list of the setup and their tags is shown in Table 2.

We discretize the fault using triangular elements with 100 m edge length on the
velocity-weakening seismogenic layer and varying element sizes from 200 m to 5 km on
the velocity-strengthening part of the fault. We use a higher-order fault basis with poly-
nomial degree 6, resulting in the effective element size of ~17 m at the seismogenic zone
(Uphoff et al., 2023). This resolves the minimum critical length scale by 26 cells in the
default setup, 59 cells in uniform o models, and 33 cells in models with 2D velocity struc-
ture. We verify the resolution of our models by comparing them with models using a mesh
with twice the on-fault resolution (50 m edge length) and find that the major on- and
off-fault properties remain unchanged (Fig. S3). The mesh element size gradually increases
to 50 km towards the domain edge at ~400 km away from the fault.

2.4 Metrics for Systematic Comparisons

To systematically compare the three loading schemes, we apply an automated earthquake-
classification algorithm that identifies earthquake onsets and terminations based on a
threshold slip rate (Yun et al., 2025). We use a threshold slip rate of 1 cm/s. Slip events
with slip rates that are lower than this but higher than the plate loading rate (V;) are
identified as slow slip events (SSEs). To examine earthquake characteristics produced
by each loading scheme, we compute average slip, rupture extent, average static stress
drop, and recurrence interval. We measure the extent of the rupture as the length of the
fault that slipped more than 1 cm, and the recurrence interval as the time between earth-
quakes. We adopt an energy-related averaging method for the stress drop calculation (Noda
et al., 2013).
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Table 2. Descriptions of all explored model setups and the corresponding tags used in this

study. VS: velocity-strengthening.

Model Tag Loading Scheme Description

PL Base setup

PL-C Parallel Base setup, fully VS rheology

PL-VM Loading Heterogeneous material

PL-TC Uniform o?, fully VS rheology

SPL Base setup

SPL-C Base setup, fully VS rheology

SPL-L Side Push Base setup, larger domain length

SPL-LC Loading Base setup, larger domain length, fully VS rheology
SPL-VM Heterogeneous material

SPL-TC Uniform o?, fully VS rheology

SSL Base setup

SSL-C Base setup, fully VS rheology

SSL-L Subducting Slab  Base setup, larger slab thickness (D)

SSL-LC Loading Base setup, larger slab thickness (D), fully VS rheology
SSL-VM Heterogeneous material

SSL-TC Uniform ?, fully VS rheology

To assess domain deformation patterns, we calculate the invariants of the strain
rate tensor €. The first invariant é; = Tr (é) illustrates how each loading method al-
ters volumetric strain while the second invariant of the deviatoric strain rate tensor (€')
defined by

. 1 . . .
én = \/ 5 (6 + gy + 263 (8)
measures changes in shear strain rate driven by loading. We compare the effects of each

loading scheme on the strain rate distribution in Section 5.

Since Tandem assumes that the material is isotropic, we can convert the strain ten-
sor to the stress tensor o based on Hooke’s law. Note that the total stress in the com-
putational domain (o(u)) is the sum of the background stress (o?), defined by the ini-
tial parameters, and changes in stress due to deformation (o (u)), i.e.,

o(u) =0 +oP(u), 9)

where u is the displacement. We compare the effects of each loading scheme on the prin-
cipal stresses and their orientations in Section 6.3.

3 Earthquake Characteristics on Fault

Figure 2 shows rupture patterns resulting from the three loading schemes. After
a few cycles, all three models (PL, SPL, and SSL) yield quasi-repeating, spun-up cycles
consisting of a system-size earthquake that ruptures the entire fault, followed by a smaller
earthquake that terminates at ~ 8 km depth. Earthquakes in these models always nu-
cleate from the bottom of the seismogenic layer and propagate toward the free surface.
Models PL and SSL generate spontaneous slow slip events preceding large earthquakes.
Based on the repeatability of the cycle, we discard the initial 9 (model PL), 7 (model
SPL), or 15 (model SSL) earthquakes, considering them as the spin-up phase (grey lines
in Fig. 2). We only consider the spun-up part of the cycle for further investigation.
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subducting slab (model SSL) loading schemes. Green stars in the left column and light grey ver-

tical bars in the right column mark earthquakes. The colored lines in the right column indicate

the spun-up earthquake cycles included in the further analyses. Vertical white dashed lines in the

left column mark the transition point from the spin-up phase to the spun-up cycle. Horizontal

dashed lines in the left column indicate depths at which the frictional rheology transitions be-

tween VW and VS, same as those in Figure S1.
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Figure 3. Earthquake characteristics calculated from the parallel (model PL; yellow, forward
hatched), the side push (model SPL; blue, backward hatched), and the subducting slab (model
SSL; pink dotted) loading schemes: (a) Recurrence interval, (b) average slip, (c) average static

stress drop, and (d) rupture extent.

The characteristics of earthquakes produced by models PL and SPL are largely com-
parable, while model SSL shows different patterns. Figure 3 shows recurrence interval,
average slip, average static stress drop, and rupture extent from all three models. Mod-
els PL and SPL show a bimodal distribution of earthquake characteristics consisting of
larger earthquakes with ~4 m slip and ~2.9 MPa stress drop and smaller earthquakes
with ~1 m slip and ~1.8 MPa stress drop. The recurrence interval and stress drop pat-
tern reveal that the cycles of model SSL consist of two sub-cycles, each consisting of one
system-size earthquake and one partial rupture earthquake, but the two partial ruptures
differ in size and recurrence patterns. One group of partial ruptures is roughly compa-
rable to those in models PL and SPL, while the other group of partial ruptures shows
an intermediate recurrence interval of ~85 yr and stress drop of ~2.1 MPa. The max-
imum recurrence interval varies the most across the three models, ranging from 130 yr
to 150 yr, while the other parameters are more comparable except for the emergence of
the intermediate-size partial ruptures in model SSL. The sensitivity of long-term vari-
ables, such as recurrence interval, to loading methods is consistent with findings from
previous community benchmark exercises (Erickson et al., 2020; Jiang et al., 2022).
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Figure 4. Accumulated surface displacement after eight earthquakes since the spin-up phase,
produced by (a) the parallel (model PL), (b) the side push (model SPL), and (c) the subducting
slab (model SSL) loading schemes. All displacements are relative to a far-field station located at
245 km from the trench. For visual clarity, the arrow size is exaggerated, and its scale is shown in
the bottom right corner. Triangles indicate the station locations that record synthetic displace-
ments, and those colored in purple are the stations shown in Figure 5. See Supplementary Movie

1 for the full evolution of surface displacement throughout eight earthquakes.

4 Surface Displacement Patterns

Surface displacements exhibit more striking differences between the three models.
Figure 4 shows the accumulated surface displacements relative to a far-field station 245 km
(i.e., Zeng in Eq. (5)) from the trench after eight system-size earthquakes since the end
of the spin-up phase. The stations on the overriding plate show a trench-ward, subsid-
ing motion in models PL and SPL, while almost no displacements accumulate in model
SSL. This indicates that coseismic displacements do not cancel out interseismic displace-
ments in models PL and SPL, which is inconsistent with the expectations from a purely
elastic kinematic assumption (Savage, 1983).

Individual displacement time series at two stations on the overriding plate better
illustrate how displacement accumulates over time (Fig. 5). In all models, surface sta-
tions move away from the trench during the interseismic period and towards the trench
coseismically. Coseismic trenchward motion and interseismic landward motion are con-
sistent with horizontal displacements expected from elastic simulations (Kanda & Simons,
2010; Luo et al., 2025). However, coseismic trenchward motions in models PL and SPL
exceed interseismic landward motions, leaving permanent trenchward displacements in
both models. In contrast, coseismic and interseismic displacements cancel each other in
model SSL once it enters the cycle-invariant regime. Similarly, models PL and SPL pro-
duce permanent subsidence on the overriding plate, whereas model SSL does not pro-
duce long-term permanent displacements once it is spun up. Minimal long-term accu-
mulation of vertical displacements in model SSL, unlike the other two models, resem-
bles geodetic observations in subduction zones (e.g., Jolivet & Frank, 2020; Woods et al.,
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2024). Since we applied the far-field correction for all displacement fields shown in Fig-
ures 4 and 5, the long-term accumulation of surface displacements in models PL and SPL
is an artifact caused by the loading conditions. The continuous strain accumulation over
time in models PL and SPL suggests that the apparently spun-up cycles in these mod-
els may eventually change as simulations run longer.

The surface displacements in Figure 5 not only show coseismic and interseismic de-
formation patterns, but also capture the afterslip and SSEs (Fig. 6). For example, the
vertical displacement recorded at the station located 95 km from the trench in model

SSL (red lines in Fig. 5¢) exhibits more curved interseismic deformation, forming a “bulging”

pattern, unlike the linear, “sawtooth” patterns recorded at the near-field station (black
lines in Fig. 5¢). We find that this “bulging” pattern in the far-field vertical displace-
ment arises from afterslip, which causes additional uplift motion, continued from the co-
seismic uplift (Fig. 6). A large, system-size earthquake generates strong afterslip, caus-
ing uplift motion for the entire 40-year interseismic period. This non-constant uplift rate
creates a curved displacement pattern observed in Figure 5. In contrast, a smaller, partial-
rupture earthquake produces less prominent afterslip, insufficient to overcome the inter-
seismic subsidence imposed by the boundary condition. This drives the overall subsid-
ing displacement pattern, keeping the net vertical displacement level similar through-
out multiple earthquake cycles. Although the signature of afterslip is less prominent in
horizontal velocity, a trenchward displacement caused by the afterslip lasts for ~ 5 years
after system-size earthquakes (Fig. 6¢).

Figure 6 also shows that the surface stations capture SSE signals well, although
their rupture is confined to a relatively small area (13-18 km depth). The SSE between
earthquakes 20 and 21 causes a clear trenchward velocity in both surface stations. Ver-
tical motion due to the SSE depends on station location: a near-field station shows up-
lift, whereas a far-field station continues to subside with an increased subsidence rate.
The uniform trenchward horizontal motion, uplift near the trench, and the subsidence
at down-dip of the slip patch are consistent with horizontal and vertical displacements
of natural SSEs observed by GNSS and pressure gauge data (e.g., Ito et al., 2013; Wal-
lace et al., 2016).

Figure 7 shows that surface velocities are comparable across different models early
in the interseismic period (10% of the recurrence interval), but exhibit variability late
in the cycle (99% of the recurrence interval). In the early interseismic period, models PL,
SPL, and SSL (solid lines in Fig. 7a) exhibit landward motion near the trench, which
gradually decreases away from the trench, along with a transition from subsidence to up-
lift from near-trench to far-field. In the late interseismic period, model SSL shows no-
tably higher landward velocity, compared to models PL and SPL (Fig. 7b). Late inter-
seismic vertical velocities from the three models are more distinctive: model SSL yields
a relatively smaller uplift rate near the trench and consistent subsidence across all dis-
tances, while models PL and SPL show little vertical motion at distances larger than ~
100 km from the fault. The displacement patterns shown in Figure 7 are largely consis-
tent with those computed using elastic dislocation models (e.g., Kanda & Simons, 2010;
Luo et al., 2025; Trubienko et al., 2013), but show more variability in the near-trench
vertical velocities, particularly during the late interseismic period.

5 Distribution of Strain and Stress

Figure 8 shows invariants of the strain rate tensor and their principal orientations
for all three loading schemes using fully VS rheology (category “C”), after 2,000 yr of
simulation time. Positive (negative) sign of the first invariant of the strain rate tensor
¢; indicates dilatation (compaction). Models PL-C and SPL-C accumulate considerable
dilatation at the surface above the trench. In model PL-C, relatively strong compaction
occurs near the transition between the fault and the bottom Dirichlet boundary at ~40 km
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Figure 5. Time series of horizontal (top row) and vertical (bottom row) surface displacements
obtained from (a) the parallel (model PL), (b) the side push (model SPL), and (c) the subduct-
ing slab (model SSL) loading schemes. Black (and grey) curves show displacements at a station
above the locked part of the fault (35 km from the trench) while red (and pink) curves show
those at a station further landward (95 km from the trench). The locations of these two stations
are marked as purple triangles in Figure 4. Lighter colored lines (grey and pink) indicate the
spin-up phase. Yellow shaded areas show the time range in which we compute the displacement
accumulation in Figure 4. All displacements are relative to a far-field station located at 245 km

from the trench. Light grey vertical bars mark earthquakes.

depth (black and red lines in Fig. 1a), whereas the rest of the domain is weakly dilat-

ing. Most parts of the domain in model SPL-C show compaction with varying degrees,
being more compressive surrounding the fault and at the far boundary, where horizon-
tal shortening is applied (Fig. S4c). In contrast, model SSL-C exhibits little change in
volumetric strain within the overriding plate, while yielding compaction along the slab
surface and a minor dilatation at the lower part of the slab.

The second invariant of the deviatoric strain rate tensor éj; (Eq. (8)) illustrates the
intensity of shear deformation (bottom row of Fig. 8). Similar to the first invariant pat-
tern, model SPL-C shows distributed shear across most of the regions, while model PL-
C exhibits a stronger shear accumulation near the fault, which tapers towards the edges
of the domain (Fig. S4b). Model SSL-C shows localized shear within the subducting slab
and minimal shear deformation within the overriding plate.

Lastly, we examine how the stressing rate evolves on the fault under different load-
ing schemes (Fig. 9). Note that with fully VS rheology, fault creeps without accumulat-
ing stress. Thus, a non-zero stressing rate implies stress accumulation over time due to

the loading, possibly driving earthquake cycles away from converging toward a cycle-invariant

behavior, i.e., “limit cycle” (Lapusta & Liu, 2009; C. Pranger et al., 2022; S. Wang, 2024).
In model PL-C, we observe a significant normal stressing rate ranging from -0.5 to 6 kPa/yr
and shear stressing rate from -0.3 to 3 kPa/yr. Considering that the stress drop in the
model PL is ~1-3 MPa, the stressing rate of a few kPa/yr is significant enough to alter

the rupture characteristics when accumulated for thousands of years. In contrast, mod-

els SPL-C and SSL-C show stressing rates that are 1-2 orders of magnitude lower than
those in model PL-C. The stressing rates in models SPL-C and SSL-C correspond to ~10%
and ~1% of the coseismic stress drop, respectively. Model SSL-C, in particular, exhibits
decreasing stressing rates over time, implying that it is likely to converge to a limiting
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Figure 6. Zoomed-in view of the slip rate and surface velocity evolution during the inter-
seismic period in model SSL. (a) Spatiotemporal evolution of slip rate between earthquakes 19
and 21. Green stars mark earthquakes, where earthquake 19 is a system-size earthquake and
earthquake 20 is a partial-rupture earthquake. Horizontal dashed lines indicate fault depths cor-
responding to 35 km and 95 km from the trench. (b) Time series of slip rate at 6.3 km (black)
and 34.4 km (red) depths, which correspond to 35 km and 95 km from the trench, respectively.
Grey horizontal dashed line indicates the imposed plate loading rate, V1. For better visibility, we
exaggerated the vertical axis of the slip rate time series at 34.4 km depth. See the axis ticks on
the right-hand side. (c-d) Landward (c) and uplift (d) rates recorded at two surface stations lo-
cated 35 km (black) and 95 km (red) from the trench. The shaded area marks positive landward

and uplift rates. Grey vertical bars in panels (b-d) indicate earthquakes.
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Figure 7. (a)Early and (b) late interseismic landward (top row) and uplift (bottom row)
deformation rates at the surface as a function of distance from the trench, computed from all
explored models: the parallel loading (model PL), the side push loading with different domain
lengths (models SPL and SPL-L), and the subducting slab loading with different D values (mod-
els SSL and SSL-L). Early and late interseismic periods correspond to 10% and 99% of the
recurrence interval, T, respectively. Landward and uplift rates are expressed as a percentage of
the convergence rate (V};) imposed at the far boundaries. The grey shaded area and the vertical
grey dashed line indicate the horizontal extents of the frictionally locked part of the fault and the
end of the fault in the parallel loading scheme, respectively. All displacements are relative to a
far-field station located at 245 km from the trench.

cycle less affected by artifacts from loading methods. This behavior is consistent with
the evolution of earthquake properties: the final 9 system-size earthquakes in model PL
show gradually decreasing recurrence intervals and stress drops, whereas those in model
SSL remain nearly constant (Fig. S5).

6 Discussion
6.1 Effects of Domain length and Slab Thickness

Previous studies reported that the domain size or the slab thickness (D) can af-
fect modeled earthquake cycles. Using kinematic elastic dislocation models comparable
to the subducting slab loading configuration, Kanda and Simons (2010) showed that slab
thickness alters surface displacements, particularly the vertical displacement. They re-
port migration of the hinge line, the location where vertical velocity is zero, and an in-
crease in horizontal velocity as slab thickness increases. In contrast, the locations of peak
vertical velocity and horizontal velocity pattern as a function of distance from trench re-
main similar across different slab thicknesses.

We find that the slab thickness in the subducting slab loading scheme significantly
affects both on- and off-fault deformation patterns, while the domain length in the side
push loading scheme has only a moderate influence on them. By comparing models SPL
(domain length of ~1000 km) and SPL-L (domain length of ~1800 km), we find that the
domain length in the side push loading scheme primarily affects horizontal displacement
(Fig. 7) and the recurrence interval of earthquakes (Fig. S6). Model SPL-L, compared
to model SPL, produces a slightly lower landward velocity and a larger recurrence in-
terval. In contrast, uplift rate, average slip, stress drop, and rupture lengths are com-
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the side push (model SPL-C), and (c) the subducting slab (model SSL-C) loading schemes: (top

row) First invariant of the strain tensor é; and (bottom row) second invariant of the deviatoric

strain tensor éj; (Eq. (8)). Negative ér indicates compression, and vice versa. Black and red bars
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urated at 5 x 107" and 5 x 107'® s~ We truncate models PL-C and SPL-C horizontally to
match the spatial range of model SSL-C. Strain rate fields for the full domain in models PL-C
and SPL-C are shown in Figure S4.
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parable between models SPL and SPL-L. The sensitivity of the modeled recurrence in-
terval on the domain size is consistent with previous findings (Jiang et al., 2022).

Comparing models SSL (D = 30 km) and SSL-L (D = 100 km) shows that the
slab thickness in the subducting slab loading scheme significantly alters all rupture char-
acteristics explored in this study (Fig. S7). Using a thicker slab (model SSL-L) produces
a repeating earthquake cycle consisting of a system-size earthquake and two subsequent
partial-rupture earthquakes. System-size earthquakes in model SSL-L yield larger slip
(> 6 m), but comparable stress drop (~2.8 MPa), compared to model SSL. SSEs pre-
ceding large earthquakes emerge in both models. In addition, models SSL and SSL-L pro-
duce notably different horizontal and vertical surface velocity patterns (Fig. 7). Hori-
zontal velocity distribution as a function of distance from the trench is similar between
the two models, while model SSL-L shows a larger amplitude during the early interseis-
mic period and a smaller amplitude during the late interseismic period. As reported in
Kanda and Simons (2010), the peak location of vertical velocity remains similar between
the two models, while the hinge line in the early interseismic period is slightly migrated
towards the trench in model SSL-L. The difference in the vertical velocity between the
two models is more prominent above the locked part of the fault.

We find similar normal and shear stressing rates on the fault between models SPL-
C and SPL-LC (Fig. S8). The two models also exhibit similar strain rate distribution,
but with reduced amplitudes in model SPL-L (Figs. 8 & S9a). This is expected because
increasing the distance between the fault and the far-field boundaries distributes the same
imposed boundary displacement over a larger length scale, thereby reducing the strain

rate.

Models SSL-C and SSL-LC show a similar pattern of strain rate invariance, with
a strong compaction near the slab interface and dilatation at the bottom of the slab (Figs. 8c
& S9b). However, the magnitude of the strain rate is notably higher in model SSL-LC,
about three times that of model SSL-C. In addition, the amplitude of stressing rates in
model SSL-LC is larger than in model SSL-C (Fig. S8). Such fundamental differences
between models SSL-C and SSL-LC may be related to a change in the system’s effec-
tive rigidity, which is proportional to the cube of the slab thickness (Walcott, 1970).

6.2 Effects of Heterogeneous Elastic Properties

We incorporate spatially varying elastic parameters (Fig. S2) and find that the key
results of this study are robust across various assumed material properties. The hetero-
geneous material models (PL-VM, SPL-VM, and SSL-VM) produce similar earthquake
cycles consisting of a large, system-size earthquake followed by a partial rupture earth-
quake. SSEs observed in model PL are not present in model PL-VM. Compared to their
uniform-material-property counterparts, the recurrence interval of large earthquakes is
smaller in models with varying elastic parameters. The three loading schemes with spa-
tially varying material properties produce comparable average slip, stress drops, and rup-

ture lengths (Fig. S10).

Displacement patterns across the computational domain, including the permanent
accumulation of surface displacements and the perpetual stressing rates under parallel
and side push loading schemes, remain the same in models with a 2D velocity structure.
These results suggest that the differences among the models reported in this study are
likely inherent to the loading methods, rather than to the specific choices of material prop-

erties.
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ag7 6.3 Comparison with Observed Earthquake Rupture Characteristics and
a8 Stress Distributions

489 Seismic and geodetic observations have revealed complex focal mechanisms of sub-

290 duction zone earthquakes, implying heterogeneous stress conditions (e.g., Asano et al.,

a01 2011; Pardo et al., 2002). Earthquake focal mechanisms also provide important constraints
192 on the orientations of the principal stresses, the fault strength, and the differential stress
403 surrounding the megathrust. For example, the plunge angle of the maximum compres-

404 sive stress axis before large megathrust earthquakes is estimated to be 25-30° in the Japan
495 Trench (Hasegawa et al., 2011) and varies from 10° to 50° worldwide (Hardebeck, 2015),
296 pointing toward the slab interface. Principal stresses often rotate after large megathrust

407 earthquakes, such as the 2011 M,, 9.1 Tohoku-Oki, Japan, earthquake (e.g., Hasegawa
408 et al., 2012) and 2004 M,, 9.2 Sumatra-Andaman, Indonesia, earthquake (e.g., Harde-
499 beck, 2012). Along the Japan Trench, some aftershocks of the 2011 M,, 9.1 Tohoku-Oki
500 earthquake exhibit dip angles 5—-10° steeper than the megathrust interface, suggesting
501 that the megathrust may not be substantially weaker than the surrounding faults (Zhan
502 et al., 2012).

503 Volumetric SEAS models facilitate comparison with observationally constrained

504 stress regimes in subduction zones as they consistently evaluate stress distributions in

505 the domain surrounding the fault. For example, using uniform o models (PL-TC, SPL-
506 TC, and SSL-TC), we explore the principal stress orientation produced by each load-

507 ing method (Fig. 10). We record the plunge angle of the principal stress axes, measured
508 counterclockwise from the vector (—1,0). By design, plunge angles greater than 90° in-
500 dicate a plunge away from the slab interface, and vice versa. We note that assuming a

510 uniform o as an initial condition results in a prolonged spin-up phase. To reach steady-
511 state creep at the imposed convergence rate (V,1), models require several thousand years

512 (models PL-TC and SSL-TC) or even over 20,000 yrs.

513 We find that the plunge angle of the maximum compressive stress axis (o) differs

514 significantly across the three loading schemes. Using the parallel loading (model PL-TC),
515 the average plunge angle is over 90°, implying that ¢y in this model is dominantly sub-

516 parallel to the slab interface, instead of pointing towards it. Using side push loading (model
517 SPL-TC), we estimate ~ 50° plunge, which is on the upper limit of the observationally

518 inferred oy orientation. The subducting slab loading (SSL-TC) produces o axes plung-

519 ing ~ 25° towards the slab interface, consistent with that inferred from earthquake fo-

520 cal mechanisms (10-50°). This result suggests that the subducting slab loading is suit-

521 able for modeling stress evolution in subduction zones throughout earthquake cycles.

522 In addition, we estimate optimal fault orientations across the domain and compute
523 their normalized slip tendency 7/ foo, (Morris et al., 1996) to assess how each loading

524 scheme modulates failure conditions on these planes (Fig. S11). To exclude the effects

525 of the spin-up phase, we only focus on how the normalized slip tendency changed dur-

526 ing the last 200 years of simulation time, where stress distribution is relatively steady

527 (Fig. 10). Similar to the strain rate distribution (Fig. 8), normalized slip tendency in mod-
528 els PL-TC and SPL-TC increases near the fault and decreases near the surface on the

529 overriding plate. In model SSL-TC, the normalized slip tendency is highly localized near
530 the bottom of the subducting slab, where bending stress accumulates. We note that one

531 of the optimal failure plane orientations lies at an angle of ~ 20° in model PL-TC, 10-

532 20° in model SPL-TC, and 5-20° in model SSL-TC to the slab interface (Fig. S11d). These
533 angles, particularly those in model SSL-TC, are somewhat consistent with the 5-10° an-

534 gle between the megathrust and the anomalously steep aftershock nodal planes in the

535 Japan Trench, reported in Zhan et al. (2012). This result supports the view that the af-

536 tershocks occurred on optimally oriented subfaults, although other possible explanations,
537 such as a geometrically complex megathrust interface, cannot be ruled out. These re-

538 sults highlight the potential of volumetric SEAS models with realistic loading conditions
539 for broader applications in subduction faulting mechanics.
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Figure 10. Spatially averaged plunge angle of the maximum compressive principal stress (o1)
for uniform o models (a) PL-TC, (b) SPL-TC, and (c) SSL-TC. (Left column) Evolution of

the o1 plunge angle over time. The o1 plunge angle is measured counterclockwise from the vec-

tor (—1,0), such that values greater than 90° (grey shaded area) indicate plunge away from the

slab interface and vice versa. The red point indicates the time at which the panels in the right

columns are shown. (Right column) Spatial pattern of o1 orientations at final simulation time in

each model (red), fault geometry (black), and interface governed by Dirichlet boundary condition

(grey).
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540 6.4 Which Loading Scheme Should We Use?

sa1 Based on comparisons of rupture characteristics and off-fault deformation patterns,
542 we summarize the strengths and weaknesses of each loading scheme as follows. Paral-

543 lel loading, when implemented with a planar fault, is conceptually analogous to the tra-

544 ditional backslip approach (Savage & Prescott, 1978; Savage, 1983), and produces earth-
545 quake cycles comparable to other software using boundary methods (e.g., Erickson et

546 al., 2023). However, this loading scheme produces permanent surface displacements that
547 accrue over time, inconsistent with geodetic (e.g., Birgmann & Chadwell, 2014; Ham-

548 ling et al., 2022; K. Wang & Tréhu, 2016) and geologic (e.g., Baker et al., 2013; Wesson

549 et al., 2015) data. Significant stress accumulation, comparable to the coseismic stress drop,
550 adds spurious complexity to the rupture characteristics, thereby challenging their reli-

551 ability.

552 Side push loading has the virtue of simplicity, as it is independent of assumed fault
553 geometry. However, the side push loading accumulates permanent vertical displacement,
554 which challenges first-order comparisons with geodetic measurements. Although this load-
555 ing scheme yields lower on-fault stressing rates than parallel loading, it still imposes non-
556 negligible stress accumulation of a fraction of the coseismic stress drop, warranting cau-
557 tion when assessing rupture properties.

558 The numerical experiments show that the subducting slab loading, as it is consis-

559 tent with the kinematic motion observed in subduction zones, accumulates little perma-
560 nent strain in the overriding plate, and yields minimal cumulative stressing rates on the
s61 fault. Owing to small long-term surface displacement, this loading scheme facilitates a

562 first-order comparison with geodetic records and makes subtle signals, such as those due
563 to afterslip and SSEs, stand out more clearly. Since the loading method is sensitive to

564 slab thickness, caution should be exercised during model design.

565 Our results highlight that different loading methods produce 1-2 orders of magni-

566 tude variation in modeled deformation patterns, particularly the long-term surface dis-

567 placement accumulation (Figs. 4 & 5) and the on-fault stressing rate (Fig. 9). As illus-

568 trated by the three loading schemes explored here, we expect other types of loading meth-
569 ods to have their own virtues and limitations. Thus, we suggest future studies using SEAS
570 models should carefully investigate and quantify the effect of the loading method on the
571 study’s target phenomena before interpreting the model results and comparing them with
572 observational data.

573 We note that the models presented in this study assumed a linear elastic consti-

574 tutive behavior in the bulk. In natural subduction zones, inelastic processes, such as vis-

575 coelasticity (e.g., Allison & Dunham, 2018; Luo et al., 2025; K. Wang et al., 2012), poroe-
576 lasticity (Ozawa et al., 2024; Saffer & Tobin, 2011), and off-fault plasticity (e.g., Baker
577 et al., 2013; Dunham et al., 2011; Erickson et al., 2017; Templeton & Rice, 2008; van Dinther

578 et al., 2014), play important roles in producing observed surface deformation patterns

579 or rupture characteristics. Without these processes, all three loading schemes cannot cap-
580 ture realistic deformation signals (Jolivet et al., 2020; Sun & Davis, 2026) and accumu-
581 late significant bending stress when the fault has varying curvature. However, under the
582 widely accepted elasticity assumption, the suggested subducting slab loading captures

583 first-order features of subduction zones.

584 7 Conclusions

585 We explore the effects of boundary conditions on rupture characteristics and off-

586 fault deformation patterns in subduction zone SEAS simulations using volume-discretized
587 methods. We compare “parallel”, “side push”, and “subducting slab” loading schemes

588 that have been utilized in previous SEAS simulations or suggested by kinematic dislo-

589 cation studies.
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590 Earthquake characteristics, such as recurrence interval, slip per earthquake, static

501 stress drop, and rupture length, are comparable between parallel and side push loading
592 schemes, while additional sub-cycles different partial rupture earthquakes emerge in the
503 subducting slab loading. Among the rupture characteristics, the maximum recurrence

504 interval exhibits the most variability across the three loading methods. Our fully creep-
595 ing fault models (category “C” models) demonstrate that parallel loading produces on-
596 fault stressing rates on the order of kPa/yr, comparable to earthquake stress drops when
507 accumulated over thousands of years. Side push and subducting slab loading schemes

508 reduce these rates by 1-2 orders of magnitude. While these rates remain constant across
599 the simulation for parallel and side push loading schemes, they diminish over time un-

600 der subducting slab loading. These loading-related stress artifacts may inhibit conver-

601 gence toward a steady-state earthquake sequence.

602 We find that the loading scheme can alter the magnitude and/or spatial pattern

603 of strain rates, surface displacement, and principal stress. The strain rates within the

604 domain are concentrated near the bottom of the fault and within the slab in parallel and
605 subducting slab loading schemes, respectively, whereas they are relatively evenly distributed
606 across the computational domain in side push loading. Side push and subducting slab

607 loading schemes produce maximum compressive principal stress plunging at ~ 25—50°

608 towards the slab, while parallel loading produces those plunging sub-parallel to the slab.
600 Parallel and side push loading schemes result in permanent long-term surface displace-

610 ments, while subduction slab loading suppresses them by an order of magnitude after

611 a few cycles.

612 Observed differences among the three loading schemes may depend on the size of

613 the domain, such as the domain length in the side push loading and the slab thickness

614 in the subducting slab loading. The domain length in the side push loading has a min-

615 imal impact on the rupture characteristics, mainly affecting the recurrence interval. Slab
616 thickness in the subducting slab loading exhibits strong control on both on- and off-fault
617 deformations, raising caution when designing the model.

618 The systematic comparison of three commonly used loading schemes in volumet-

619 ric SEAS simulations demonstrates a significant impact of the loading method on ob-

620 served rupture characteristics and deformation patterns. Our study suggests that sub-

621 ducting slab loading is consistent with geodetic and seismologically derived stress con-

622 straints in modeling 2D subduction zone earthquake cycles. We encourage practition-

623 ers using volumetric SEAS simulations to examine the influence of the implemented load-
624 ing method using metrics such surface displacement and principal stress orientations, and
625 assure they are consistent with observational data.

626 Open Research Section

627 All input data required for reproducing all models are available in the Zenodo repos-
628 itory (Yun et al., 2026). All simulations were conducted using the open-source software

629 Tandem (Gabriel et al., 2025; Uphoff et al., 2023). An online documentation of Tandem
630 is available at https://tandem.readthedocs.io/en/latest/. We use the dmay/seas-
631 checkpoint branch (commit #1dc36db) for all simulations shown in this study.
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Introduction

Text S1. Effects of slab thickness, domain length, and thickness of the far-field
zero-displacement boundary in subducting slab loading

Eq. (5) in the main text indicates that the deformation patterns using subduction slab
loading may depend on three length scales: slab thickness (D), domain length (x4 in
Eq. (5)), and thickness of the far-field zero-displacement boundary (y; in Eq. (5)). The
base setup for the subduction slab loading (model SSL) uses D = 30 km, y; = —30 km,
and xe,q =~ 245 km, while model SSL-L in the main text uses D = 100 km while keeping
the other two values the same. To analyze how these length scales affect strain rate in
the domain and surface displacement, we perform additional models: 1) D = 100 km,
yr = —30 km, and z.,q =~ 245 km (denoted model SM1 and SM1-C), 2) D = 30 km,
yr = —30 km, and z.,q = ~ 352 km (denoted model SM2 and SM2-C), and 3) D =
100 km, y; = —100 km, and z.,q =~ 352 km (denoted model SM3 and SM2-C). .4
of ~ 352 km results from an extended slab reaching a maximum depth of 400 km. See
Table S1 for a detailed description of each model.

Figures S12 and S13 show that, among these three length scales, slab thickness is
the most prominent factor in altering strain distribution within the domain and surface
displacement patterns. Comparing models SSL-LC (Fig. S9b) and SM1 (Fig. S12a)
shows that varying the y; value has little effect on strain rate distribution within the
domain, particularly near the slab. Increasing domain length, as illustrated by models
SSL-C (Fig. S9c¢) and SM2 (Fig. S12b), introduces a localized increase in strain rate
near 150-250 km depth range, but little change in the shallower part of the domain.

Comparing models SM2 and SM3 (Figs. S12b-c) shows that an increase in slab thickness
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yields accumulation of strong compressive strain near the slab and tensile strain near the
surface, similar to the comparison between models SSL-C and SSL-LC with a smaller z,,4
(see Section 6.1 in the main text). Similarly, changing the D value yields more distinctive
interseismic surface velocities than changing y; or z.,q values (Fig. S13).

Movie S1.

Evolution of surface displacement during eight earthquakes since the spin-up phase,
produced by (a) the parallel (model PL), (b) the side push (model SPL), and (c) the
subducting slab (model SSL) loading schemes. All displacements are relative to a far-field
station located at 245 km from the trench. For visual clarity, the arrow size is exaggerated,
and its scale is shown in the bottom right corner. Triangles indicate the station locations
that record synthetic displacements, and those colored in purple are the stations shown

in Figure 5.

References
Hansen, S., & Schmandt, B. (2017). P and S wave receiver function imaging of subduction

with scattering kernels. Geochemistry, Geophysics, Geosystems, 18(12), 4487-4502.
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Table S1. Descriptions of additional subducting slab loading models and the corresponding
tags used in this study. D: slab thickness, z.,q: domain length (Eq. (5)), ys: thickness of the

far-field zero-displacement boundary (Eq. (5)).

Model Tag D [km| ys [km] Zepq [km]
SSL & SSL-C 30 -30 245
SSL-L & SSL-LC 100 -100 245
SM1 & SM1-C 100 -30 245
SM2 & SM2-C 30 -30 352
SM3 & SM3-C 100 -100 352
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earthquake is plotted to show one group of the sequence more clearly. For direct comparison,
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Figure S6. Same as Figure 3 in the main text, but for the side push loading schemes with two
different computational domain widths: model SPL with 1,000 km width (light blue, hatched)

and model SPL-L with 1,800 km width (dark blue).
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Figure S7. Same as Figure 3 in the main text, but for the subducting slab loading schemes
with two different slab thickness values: model SSL with D = 30 km (pink) and model SSL-L

with D = 100 km (brown).

June 8, 2026, 9:00am



Depth [km]
w N N =
o w o [0,

w
w
L

40

-0.4

~0.2 0.0 0.2
Normal Stressing Rate [kPa/yr]

0.4

Depth [km]
N
o

30 1

354

—— SPL-C
== SPL-LC

SSL-C
== SSL-LC

40
-0.3

02 -01 00 01 02 03
Shear Stressing Rate [kPa/yr]

Figure S8. Stressing rates after 1,000 years of simulation for models SPL-C (light blue), SPL-L

(blue dashed), SSL (pink), and SSL-L (brown dashed).

June 8, 2026, 9:00am



-
LY
~
u
o o
] e
/

l

=

o

o
'

\

Depth [km]

=
w
o
'
|

200 M- — [ ’

250 -

0 50 100 150 200 250
Distance from Trench [km]

Depth [km]
G
o

200 / —"‘“

250 -

0 50 100 150 200 250
Distance from Trench [km]

Figure S9.

(b) SSL-LC le_13
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Same as Figure 8 in the main text, but for models SPL-LC and SSL-LC. Color

scales are the same as those used in Figure 8 in the main text.
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Figure S10. Same as Figure 3 in the main text, but for the models with spatially varying
elastic properties (Fig. S2): models PL-VM (yellow, backward hatched), SPL-VM (blue, forward

hatched), and SSL-VM (pink).
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Figure S11. Change in the normalized slip tendency (7/fyo,) resolved on optimally oriented
fault planes (black and grey bars) during the last 200 years of simulation in models (a) PL-TC,
(b) SPL-TC, and (c¢) SSL-TC, assuming fo = 0.6. (d) Difference in dip angle of optimal plane
1 (black bars in panels (a-c)) and fault dip. The two grey dashed lines mark the extent of the

seismogenic layer and transition from velocity-weakening to velocity-strengthening rheology.
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Figure S12.  First invariant of strain rate tensors computed from subducting slab loading
models with various length scales: models SM1, SM2, and SM3 introduced in Supplementary
Text S1. Compare this with Figures 8¢ and S8b. Color scales are the same as those used in

Figure 8 in the main text.
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Same as Figure 7 in the main text, but for subducting slab loading models with

various length scales: models SM1, SM2, and SM3 introduced in Supplementary Text S1.
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