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A discontinuous Galerkin method for
sequences of earthquakes and aseismic slip
on multiple faults using unstructured

curvilinear grids 3
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Models of sequences of earthquakes and aseismic slip (SEAS)

RModeling of the inter  -seismic phase, spontaneous earthquake nucleation as well as co -seismic
and post -seismic slipto connectlong -term deformation with the short -term seismicity
Time: 0.00 yrs
_ 0 2500 5000
£ | Time[yrs]
o 0
I é
' .
o —1073
Q)
S —-20 +————— (e e L I A e R T T Cm T T e I
3
0 -
.
V4
< 10 1
Q.
Q
o
20 ]
0
Distance from trench[km] 5
Bar Oryan etal.,,inprep.n Breaki ng the elastic mold: The effect
of upper plate permanent deformation on earthquake cycl eso



Models of sequences of earthquakes and aseismic slip (SEAS)

RModeIing of the inter  -seismic phase, spontaneous earthquake nucleation as well as co -seismic
and post -seismic slipto connectlong -term deformation with the short -term seismicity

FCapture fault and lithospheric deformation at the
time scales of decades to thousands of years

Time: 0.00 yrs

0 2500 5000
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FSpan multiple seismic events and interseismic
periods (multiple instances of earthquake

_ nucleation, coseismic rupture propagation,
IARRRERRES S B B S o postseismic response, and aseismic processes In
the Interseismic periods, all occurring
spontaneously In response to applied tectonic
loading)
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RCan investigate the  feedback between rapid and
slow processes and capture the long -term
evolution of stresses and other variables, resulting

Distance from trench[km] In the fault conditions before dynamic rupture
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R In SEAS models, predefined fault surfaces obey
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a rate - and state -dependent friction law
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Fig. 8. Dynamic rupture propagation following quasistatic rupture nucleation shown in Figure 7. Fault slip ra.. .u.
case of s = 0.8. Grid spacing Ax = 40 cm, and time step At = 7.97 X 10~ s. Line segments indicating Rayleigh wave
and P wave propagation speeds are superimposed on the meshes.

Okubo, 1989, first rate-and-state fault simulation with slow quasstatic _ _
nucleation and fast dynamic rupture (using BEM) Jiang and Lapusta, 2016. Also using BEM to model the deeper
penetration of large earthquakes on seismically quiescent faults



Models of sequences of
earthquakes and aseismic slip o
(SEAS)
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Seattle -

R Rate -and -state friction can be  stable, unstable, or
conditionally stable, depending on friction and elastic
parameters and available space
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Models of sequences of earthquakes and aseismic slip (SEAS)
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FOften quasi -dynamic, a term that refers to a
technique that replaces inertial dynamics

during the coseismic phase with the radiation -
damping approximation (=no waves)

Jeena Yun et al., 2025a , Effects of Stress and Friction Heterogeneity on
Spatiotemporal Complexity of Seismic and Aseismic Slip on Strigip Faults 9



Models of sequences of earthquakes and aseismic slip (SEAS)
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during the coseismic phase with the radiation -



Models of sequences of
earthquakes and aseismic slip

(SEAS)

RI\/IodeIing of Inter -seismic phase, spontaneous earthquake nucleation

as well as co -seismic and post
deformation and short

RActive and successful

Opportunity for open

-seismic slipto connectlong -term
-term seismicity

community verification efforts

-source community methods and utilization of HPC

Erickson et al., 2020, SRL; Jiang et al., 2022, JGR; Erickson et al., BSSA, 2023; Lambert et al., 202 5
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Model ingredients: e.g., surface and subsurface
structure, rock properties, friction, and rheology
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Boundary vs. Volumetric methods for seismic cycle simulations
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Boundary vs. Volumetric methods for seismic cycle simulations

R Boundary Integral/Element Methods
(BEM/BIM/SBIM): Boundary discretization, lower
dimensional, fast, but requires a fundamental

rehk?2ndeAs TeranAr AAre &NAdGN

function.

efficient via reduced dimensionality, H -matrix
accelerated, t ypically restricted to homogeneous
and linear off -fault materials

R Volumetric Methods (FDM/FVM/FEM): Volume
discretization, higher -dimensional, more demanding

computationally more demanding, better handle
Irregular geometry and off -fault heterogeneity
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Effects of loading schemes in volumetric simulations of sequences of earthquakes
and aseismic slip (SEAS) in subduction zones

We systematically explore the effects of (a) parallel Loading
three loading schemes on modeled on - and .
off -fault deformation patterns in a 2D curved .
megathrust £
Parallel and side push loading schemes o o "
result in a long -term accumulation of ® Side Push Loading
vertical displacements and fault -normal i
stresses En >
) I
Subducting slab loading scheme reduces IR
artifacts in multi  -cycle simulations and gives * sance from Tench s .
rise to more realistic deformation patterns ) Subducting Siab Loading

L (Xena, ¥)

50 -

Effects of loading schemes in volumetric simulations of
sequences of earthquakes and aseismic slip (SEAS) in
subduction zones
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Jeena Yun', Yuri Fialko!, Dave A. May!, Alice-Agnes Gabriel’'?2, Charles A.
Williams?, and Dunyu Liu?

https://eartharxiv.org/repository/view/13422/
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Tandem In a nutshell

ROpen -source volumetric SEAS

solver, 2D and 3D @)

® Volume discretization ,
0 Fault discretization i X B
- 6

R Symmetric interior penalty
discontinuous  Galerkin (SIPG) on
unstructured curvilinear meshes;
arbitrary polynomial order

R Handling of intersecting,
branching, nonplanar faults,
subelement material
heterogeneity, topography

RPerformance -portable CPU/GPU
back ends ( PETSc + YATeTo kernels)

Shear modulus (GPa)
8 20 40 60 80 100

L —

RStandalone C++/PETSc installation,
preconfigured Virtual Machine
Image, In -browser via Quakeworx

15



Tandem is an open -source volumetric code using the Symmetric Interior Penalty
Galerkin (SIPG) discontinuous Galerkin (DG) method for elliptic SEAS problems

RWith the discontinuous  Galerkin finite element method,
the solution Is allowed to be discontinuous  across
element boundaries

RVqume . penalty terms weakly enforce displacement
continuity and Dirichlet BCs

RFauIt . continuity penalty removed; fault -parallel
displacement jJump set by the friction law; fault -normal
jump held at zero

Close up and cutaway of the unstructured
tetrahedral mesh used for a tandem static

Ridgecrest example. The local refinement near the
fault results in element edge lengths of 250 m. Away
from the fault, the element égge length is coarsened
up to a value of 20 km at the domain boundary. The
mesh contained a total of 421,154 tetrahedra.

https://github.com/TEAR -ERC/tandem




