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Abstract. Simulating sequences of earthquakes and aseismic slip (SEAS) on realistic, 3D fault systems remains a compu-
tational challenge. Volumetric approaches offer the necessary physical flexibility to handle complex geometries and hetero-
geneous off-fault media but may incur prohibitively high computational costs when applied to the vast range of spatial and
temporal scales inherent to earthquake cycles. This paper documents developments in Tandem, an open-source volumetric
SEAS simulation software that addresses these challenges using a symmetric interior penalty discontinuous Galerkin (SIPG)
formulation on unstructured curvilinear meshes in 2D and 3D with high-order polynomial bases. We describe Tandem from a
user’s perspective, covering mesh generation, checkpointing, model configuration via human-readable files, and flexible load-
ing schemes for various tectonic settings. To lower barriers to usage, Tandem is distributed as a standalone C++/PETSc code,
a pre-configured virtual machine image, and as an application on the Quakeworx Science Gateway, where users can run sim-
ulations in their browser without installing dependencies or securing direct HPC access. We report on practical development
choices of interest to SEAS- and other scientific software-developers. To mitigate the cost of volumetric discretization, the
software provides both matrix-free and assembled-matrix formulations with a fully volumetric explicit approach utilizing hy-
brid geometric—algebraic multigrid preconditioners, and a Discrete Green’s Function mode that accelerates time-stepping by
precomputing traction kernels. We report weak and strong scaling results on modern CPU and GPU supercomputers, demon-
strating near-ideal weak scaling to 112,000 MPI ranks and effective utilization of GPU acceleration. Finally, as demonstration
examples, we present validation in a 3D SEAS community benchmark (BP7) and a 2D example examining how off-megathrust
material heterogeneity influences seismic cycle behavior. By sharing software design choices as well as practical guidance for

its use, we hope to make volumetric HPC-driven SEAS modeling more accessible to the earthquake science community.

1 Introduction

Natural fault systems slip across a wide range of timescales, from creep lasting centuries, to transient slow-slip events and

afterslip lasting weeks to months, to earthquakes rupturing in seconds (e.g., Helmstetter and Shaw, 2009; Obara and Kato, 2016;
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Biirgmann, 2018; Lavier et al., 2021; Meade, 2024; Gabriel et al., 2024). Numerical simulations of sequences of earthquakes
and aseismic slip, termed “SEAS” models, (e.g., Erickson et al., 2020), aim to capture the complete seismic cycle in a self-
consistent, physics-based modeling approach (e.g., Rice and Tse, 1986; Kato, 2002; Barbot et al., 2012).

SEAS models unify earthquake system mechanics by integrating the interseismic phase, spontaneous earthquake nucleation,
co-seismic rupture propagation, and post-seismic relaxation. They provide a useful framework to explore faulting physics
across multiple spatial and temporal scales and to connect long-term tectonic deformation, expressed through fault zone rhe-
ology, and stress states, with short-term seismic and transient slip events. SEAS models also enable studying how various
physical processes, such as fault damage zones (Abdelmeguid and Elbanna, 2022), fluid diffusion (Zhu et al., 2020), viscoelas-
ticity (Allison and Dunham, 2018) or anisotropy (Mckay et al., 2019), impact seismicity and fault slip behavior, with important
implications for seismic hazard (Lambert and Lapusta, 2021).

Several numerical methods have been developed to simulate SEAS problems, each with strengths and limitations. Boundary
element implementations, such as the boundary element and (spectral) boundary integral methods (BEM/BIM), are highly
efficient because they reduce the dimensionality of the problem. These methods have been applied to quasi-dynamic and fully
dynamic earthquake sequence simulations in both two- and three-dimensional (2D and 3D) settings (e.g., Liu and Rice, 2005;
Segall and Bradley, 2012; Bradley, 2014; Li and Liu, 2016; Barbot, 2019; Lapusta et al., 2000; Romanet and Ozawa, 2022;
Herrera et al., 2024). Beyond purely elastic bulk assumptions, boundary-integral formulations have been extended to include
off-fault material response by coupling fault slip to distributed anelastic deformation via boundary—volume (Green’s-function)
kernels, enabling viscoelastic lithosphere—asthenosphere coupling and rheological consistency (Lambert and Barbot, 2016;
Mallick et al., 2022; Shi et al., 2022). Recently, hierarchical BIM approaches use H-matrix acceleration (Bérm et al., 2003)
to reduce the computational cost of evaluating dense stress-interaction matrices in large-scale SEAS simulations, enabling
three-dimensional problems and more complex fault geometries to be incorporated (Ozawa et al., 2023; Cheng et al., 2025).
However, BEM/BIM methods may generally struggle to represent complex fault system and domain geometries or varying
material properties and rheologies, despite recent advances (Romanet et al., 2025).

Volumetric approaches, such as finite-difference and finite-element methods (Aagaard et al., 2013; Almquist and Dunham,
2021; Luo et al., 2020), are computationally more demanding but can address these challenges. Finite-difference approaches
discretize the model domain using a structured grid, enabling efficient computation (Erickson and Dunham, 2014; Erickson
et al., 2017; Allison and Dunham, 2018; Harvey et al., 2023; Sun and Zhang, 2025) but are less suitable to model (i) domains
with irregular boundaries, (ii) problems with complex fault systems, and (iii) domains with highly heterogeneous material
properties. Finite-element methods, including spectral element and discontinuous Galerkin formulations, offer greater flexi-
bility in representing fault complexity, heterogeneous material properties, and versatile boundary conditions (Kaneko et al.,
2011; Uphoff et al., 2023; Yun et al., 2025b). Hybrid solvers that combine multiple methods (Ma et al., 2019; Mia et al., 2022)
leverage the strengths of different numerical schemes but often require intricate coupling techniques.

Community code-comparison efforts (Erickson et al., 2020, 2023; Jiang et al., 2022; Lambert et al., 2025) have verified many
SEAS methods on idealized benchmark problems, with excellent agreement on canonical tests. However, important challenges

remain. SEAS simulations are now among the most computationally demanding problems in geophysics, especially when in-
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tegrating multi-physics processes such as fluid flow (e.g., Perez-Silva et al., 2023). This is because they must resolve spatial
scales from critical nucleation sizes to fault-zone widths to plate boundaries, and time scales from milliseconds during dynamic
rupture to centuries and millennia over seismic cycles, requiring numerical methods that can adapt across disparate timescales
(e.g., Lambert and Lapusta, 2021). Achieving adequate resolution across these scales, particularly in 3D simulations, is com-
putationally demanding. Hence, SEAS models often remain small enough to run efficiently by limiting their dimensionality,
overall size, or the range of physical parameters considered. Other than a few notable exceptions (e.g., Ozawa et al., 2023; Up-
hoff et al., 2023), adoption of HPC infrastructure, which can overcome these challenges, has remained limited within the SEAS
community. Moreover, FAIR-compliant data and workflow practices (Wilkinson et al., 2016) for preprocessing, postprocessing,
and visualization are still in early stages of adoption. Bridging this gap requires accessible software as well as targeted educa-
tional initiatives that deliver research-grade software training (Denolle et al., 2025). In this study, we document Tandem! from
auser’s perspective. Tandem is an open-source software designed for simulating sequences of earthquakes and aseismic slip in
2D and 3D. It leverages the flexibility and accuracy of the Symmetric Interior Penalty discontinuous Galerkin (SIPG, Arnold
et al. (2002); Riviere (2008)) finite-element method, which enables robust handling of complex geometries, heterogeneous
material properties, and nonlinear frictional behavior. This enables native representation of intersecting, branching, non-planar
faults, heterogeneous material properties, and topography. Continuous integration, regression tests, and online documentation

support reproducible modeling and community contributions.

2 Numerical Method
2.1 Governing equations

In SEAS models, predefined fault interfaces obey a rate- and state-dependent friction law, which describes frictional sliding
for many rock types in laboratory experiments (Dieterich, 1979; Ruina, 1983; Dieterich and Kilgore, 1994). We summarize the
governing equations in Appendix A. Tandem assumes linear elasticity in the fault-surrounding medium (Uphoff et al., 2023)
and computes the mechanical domain response to the on-fault displacement discontinuity and sets shear and normal traction in
the rate-and-state friction constitutive relation.

In quasi-dynamic simulations, we solve a time-dependent coupled system of differential equations consisting of (i) the
elliptic partial differential equation (PDE) for the elasticity problem of the bulk (with a radiation-damping term, Rice (1993);
Cochard and Madariaga (1994); Lapusta et al. (2000)), and (ii) two ordinary differential equations (ODEs) for the rate-and-state
friction variables (e.g., Rice, 1993) at each point across the fault. In fully dynamic simulations, the bulk PDEs in (i) are
elastodynamic (i.e., hyperbolic). In this paper, we focus on the quasi—dynamic version of Tandem, which has been extensively

verified and benchmarked in recent SEAS community code comparison efforts (Erickson et al., 2023; Lambert et al., 2025).
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Figure 1. (a) Symmetric Interior Penalty discontinuous Galerkin (SIPG) representation of a SEAS problem. To emphasize the discontinuous
nature of the discontinuous Galerkin (DG) representation and the penalty weak coupling across facets, cells and facets are sketched as
disjoint; the dashed loops enclose facet basis functions between adjacent cells functions (and across faults) which are collocated in space.
(b) Gmsh (Geuzaine and Remacle, 2009) screenshot of a 3D unstructured tetrahedral mesh for the 2019 Ridgecrest, CA, fault system with
local refinement near the faults. The element edge length is 250 m at the fault interfaces, gradually coarsening to 20 km toward the domain
boundary. This mesh contains 421,154 tetrahedra. (c) 2D unstructured triangular mesh representing the Northern Hikurangi subduction zone,
New Zealand (12,160 triangular elements). Colors represent heterogeneous shear modulus (Eberhart-Phillips et al., 2020), which can be

represented on the subelement level. (a,b) adapted from Uphoff et al. (2023).
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2.2 Symmetric Interior Penalty discontinuous Galerkin (SIPG) method

Discontinuous Galerkin (DG) methods are increasingly used in seismology to model wave propagation, earthquake dynamic
rupture, and related problems that require solving hyperbolic PDEs (e.g., Hesthaven and Warburton, 2008; Reinarz et al., 2020;
Moczo et al., 2021; Igel, 2017; Krenz et al., 2023). Owing to the spatially local character of their discrete high-order accurate
discrete operators, DG schemes support boundary-conforming curvilinear meshes (Warburton, 2013) and unstructured meshes
composed of triangles and tetrahedra, which facilitates the representation of complex geological structures and topography
(e.g., Mercerat and Glinsky, 2015; Gabriel et al., 2021). The use of numerical fluxes, without enforcing field continuity across
element boundaries, enables to naturally treat non-linear interface conditions (e.g., Tago et al., 2012; Pelties et al., 2012). Recent
DG applications in seismology have increasingly exploited large-scale HPC infrastructure (e.g., Wilcox et al., 2010; Heinecke
et al., 2014), benefiting from on-node hardware optimizations. Tandem extends the DG framework to SEAS problems by
discretizing the elastostatic problem, that is, an elliptic PDE (Appendix A).

Tandem uses a specific “flavor” of DG, the Symmetric Interior Penalty DG (SIPG) formulation (Riviere, 2008; Uphoff
et al., 2023). In SIPG, numerical penalty terms are introduced to weakly impose Dirichlet boundary conditions, and weakly
enforce inter-element continuity of the displacement field where no faults are present (Fig. 1a). When a fault is present, the
enforcement of a continuous displacement field is removed (i.e., the penalty term is not used) and the discontinuity (jump)
in the displacement in the fault parallel direction is defined from the friction law, whilst the jump in displacement normal
to the fault is enforced to be zero. SIPG results in a symmetric operator and is provably stable, provided that the penalty
is chosen large enough. Because in SIPG continuity is enforced weakly, models can natively handle discontinuities such as
faults and other internal interfaces. SIPG supports unstructured meshes in two (triangles) and three (tetrahedra) dimensions
(Fig. 1b,c), enabling local mesh refinement while keeping the domain large enough to approximate whole-space boundary
conditions (Jiang et al., 2022; Lambert et al., 2025). High-order polynomial bases (Tandem supports arbitrary orders) and
curvilinear (non-affine) meshes allow complicated geometries to be represented with high accuracy. SIPG also handles sub-
element variations in material properties.

The SIPG discretization is a computationally expensive approach (Kirby et al., 2012) for SEAS — primarily due the large
system of linear equations, associated with the elastostatic problem, which needs to be frequently solved. We alleviate the
burden of the solve cost by using preconditioned Krylov (iterative) solvers. As the continuous problem is an elliptic PDE, and
the SIPG discretization is symmetric, we can exploit robust multi-level preconditioners (e.g., two-level domain-decomposition,
algebraic multigrid, geometric multigrid). Such preconditioners are suitable for modern domain-decomposition and multilevel
preconditioners (Rudi et al., 2015; Fehn et al., 2020), which are essential for large-scale SEAS simulations which require a
large number of time-steps, on the order of millions. Leveraging these algorithmic properties of the SIPG formulation together
with optimized kernels for evaluating the SIPG linear and bilinear forms, Tandem is inherently parallel and well suited for

high-resolution SEAS simulations on large-scale distributed memory architectures (Uphoff et al., 2023).

Ihttps://github.com/TEAR-ERC/tandem
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3 Implementation

The SIPG-based SEAS formulation in Tandem yields very large discrete systems and expensive sparse linear solves, particu-
larly in 3D at high polynomial degree. Thus, the code is designed for efficient large-scale runs on modern HPC architectures
with performance-portable CPU and GPU back ends. At the same time, it supports dimension-independent workflows in 2D

and 3D and provides a user interface that makes it easy to build, test, and share SEAS models.
3.1 Software design choices and parallelization

Tandem? is implemented in C++17 as a modular library with application front-ends (executables) for elastostatic problems
(executable named static) and quasi-dynamic SEAS simulations (executable named tandem). The same discretization
and solver infrastructure is used for both the elastostatic solves and the time-dependent SEAS application, which simplifies
verification and maintenance. Parallelism is provided through MPI (Walker and Dongarra, 1996), with distributed-memory
domain decomposition of the unstructured mesh, and through optional GPU acceleration.

To accommodate the expensive volumetric discretization, Tandem offers both matrix-free and assembled-matrix formu-
lations of the SIPG operators. Matrix-free operators reduce memory requirements and can improve cache efficiency at high
polynomial degrees, while assembled sparse matrices are convenient for some preconditioners and direct solvers. A typical
seismic cycle simulation requires (10°) elliptic solves for the displacement. Algorithmic efficiency and parallel scalability
are crucial requirements for any solver for 2D and especially 3D simulations For large-scale problems, Tandem employs a
hybrid geometric-algebraic multigrid preconditioner (May et al., 2015; Rudi et al., 2015). Multigrid preconditioners are algo-
rithmically optimal, amenable to highly scalable parallel implementations (Rudi et al., 2015), and are effective with high-order
continuous Galerkin methods (Rgnquist and Patera, 1987) and discontinuous Galerkin discretizations (Fehn et al., 2020).

Access to both sparse direct factorizations and geometric-algebraic multigrid preconditioners are realized via the Portable,
Extensible Toolkit for Scientific computation (PETSc, Balay et al., 1997, 2015, 2021; Abhyankar et al., 2014; Amestoy et al.,
2001, 2006), which Tandem uses for scalable linear and nonlinear solvers, time integration, and preconditioning. PETSc
supports MPI and GPU through CUDA, HIP, Kokkos, or OpenCL backends, as well as hybrid MPI-GPU parallelism, allowing
Tandem to target a wide range of CPU-only and heterogeneous CPU-GPU systems without changing application-level code.

Performance-critical local kernels for evaluating DG bilinear and linear forms are generated using YATeTo (Uphoff and
Bader, 2020), which is also used in the wave propagation and earthquake dynamic rupture code SeisSol (Gabriel et al., 2025)3.
YATeTo enables architecture-specific matrix-matrix and tensor contractions, optionally leveraging libraries such as 1ibxsmm,
and has been demonstrated to achieve a large fraction of peak performance on current petascale systems (Heinecke et al., 2014;
Uphoff et al., 2017; Krenz et al., 2021). Tandem thus inherits a performance-portable, kernel-based design. The high-level DG
formulation is expressed once, and code generators plus PETSc backends specialize it to different node architectures and accel-

erator backends. The unstructured meshes are distributed across MPI ranks using graph-partitioning libraries such as METIS

Zhttps://github.com/TEAR-ERC/tandem
3https://github.com/SeisSol/SeisSol/
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and ParMETIS (Karypis and Kumar, 1998), which are included among the core dependencies. The resulting partitioning de-
termines ownership of elements and facets. Inter-partition communication is handled through PETSc’s distributed vectors and

matrices.
3.2 Dimension independence and configuration

Tandem is designed to be dimension-independent. The same code base supports both 2D and 3D simulations. Dimension
and polynomial degree are selected at compile time using CMake configuration options, which control kernel generation. This
approach allows the compiler and YATeTo to aggressively optimize dimension-specific kernels, while users interact with a
unified workflow. Low-order and high-order discretizations are thus treated consistently, and both benefit from the same solver
and I/O infrastructure. Spatially varying material and friction parameters, as well as boundary conditions and loading histories,
are defined in a Lua script®.

The simulation configuration is based on a combination of human-readable parameter files (TOML, (Prescott-Werner and
TOML Community)) and embedded scripting via Lua (Ierusalimschy et al., 1996) and PETSc options. A TOML configuration
file stores parameters such as the mesh file, the Lua script defining the model setup, and output and checkpoint settings, and
is passed to the executable at run time. This separation allows users to express complex spatial dependence and experiment
with different physical setups while keeping the core solver code unchanged. The Lua interface provides a lightweight, flexible
and expressive mechanism for defining spatio-temporal material properties, loading and boundary conditions without requiring

recompilation.
3.3 Support for discrete Green’s functions

Application flexibility and efficiency are provided within Tandem by optionally defining the displacement evaluation via a
discrete (numerically evaluated) Green’s function approach (e.g., van Driel et al., 2015), exploiting advantages of both the
boundary integral and volumetric methods (for details see Uphoff et al. (2023)). The optional discrete Green’s functions are
evaluated once in a pre-computation stage using algorithmically optimal and scalable sparse parallel solvers and precondition-
ers, as detailed in the next sections. Once computed, these Green’s functions map on-fault slip directly to traction, so subsequent
SEAS time steps only require dense operator applications on the fault instead of repeated volumetric solves. This makes the
optional Green’s function approach particularly advantageous for simpler simulations with many time steps, at the expense of

increased memory usage to store the precomputed operators.
3.4 Geometry, meshing, and curvilinear representation

Geometric flexibility is a central design feature of Tandem (Fig. 1). The code operates on unstructured triangle and tetrahedral
meshes with curvilinear elements, allowing it to represent curved faults, topography, and other complex geological structures

with high fidelity. In practice, meshes are typically generated with any version of Gmsh (Figs. 1b,c; Geuzaine and Remacle

4See the t andem documentation at https:/tandem.readthedocs.io for detailed examples
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(2009)), which provides both a CAD engine (via OpenCASCADE?) and mesh generation capabilities. Users build geometry
and meshing scripts in Gmsh’s own language, its python backend or using its graphical interface, specify physical groups to
mark faults, free surfaces, and Dirichlet boundaries. They export the created mesh using the Gmsh file format . msh, including
high-order nodes on curved boundaries. The ASCII .msh file format versions > 2 and < 3 are supported natively by Tandem.
In addition, the code can read in meshes in .xdmf + .hb5 file format which allows linking to other community codes such
as SeisSol. Physical groups are translated into boundary-conditions and frictional fault interfaces within the DG formulation.
The SIPG discretization in Tandem supports arbitrary polynomial order on these (possibly non-affine) elements, enabling
high-order geometric representation and strong sub-element variation in material properties.

SEAS simulations need to resolve the minimum of the process zone size Ay and the critical nucleation length L., (Rice,
1993; Erickson et al., 2020; Jiang et al., 2022; Day et al., 2005). In the DG setting, this criterion should be interpreted in terms
of the effective cell size associated with the polynomial basis: utilizing high-order polynomial bases reduces the effective cell

size and thus allows larger apparent element edge lengths for a given on-fault resolution.
3.5 Flexible loading methods

Since Tandem utilizes volume discretizations within a finite computational domain, it enables flexible loading conditions that
allow spatiotemporal variations. Tandem supports three types of boundary conditions: (i) fault governed by a rate-and-state
friction law, (ii) a free surface (zero traction) boundary, or (iii) a Dirichlet boundary where the displacement is prescribed.
Along Dirichlet boundaries, the user prescribes a spatiotemporal displacement vector, e.g., u” (x,y,t) in 2D or u?(z,y, z,t)
in 3D for time ¢ and spatial coordinates x, ¢, and z. On Dirichlet boundaries located within the interior of the domain, Tandem
uses the prescribed value of u” to define the jump in displacement across the interface. Below, we present a few exemplary
loading methods for 2D subduction zone simulations, highlighting Tandem’s flexibility in loading.

The first example is using a parallelogram-shaped domain that is sheared along a uniform dip with a magnitude of half plate
convergence rate, V,,/2 (Fig. 2a). For example, a 30° fault dipping toward the positive = direction would yield u? (z,y,t) =
(£Vpt/2 cos30°,FV,t/2 sin30°), where the upper (lower) signs apply to the footwall (hanging wall). This loading method
mimics backslip loading (Savage, 1983) and has been utilized to solve the SCEC community benchmark problem BP3, in
which Tandem’s results show good consistency with other community codes (Erickson et al., 2023).

Another example is horizontal compression from far-field edges (Fig. 2b), similar to the previous study using Tandem
investigating the effect of slab curvature in subduction zone seismic cycles (Biemiller et al., 2024). The imposed displacements
are expressed as u® (z,y,t) = (£V,t/2,0), where the plus (minus) sign applies to the footwall (hanging wall).

Tandem can also impose a boundary condition where slab convergence is fully accommodated beneath the slab, e.g.,
u? (x,y,t) = (Vpt cos30°, —V,t sin30°), while fixing the motion on the overriding plate (Fig. 2c). This loading resembles the
kinematic slab-pull motion observed at subduction zones (Chapple and Tullis, 1977; Forsyth and Uyeda, 1975).

Shttps://github.com/Open-Cascade-SAS


https://github.com/Open-Cascade-SAS

—50-

~100- Vo= —(Vycosh)2

-150 - vy =(V,sing)/2

—200-

y [km]

N

Vi =(Vycos )2
-350- vy = —(V,sing)/2

N

—250-

—300-

—400 - . ] ] g :
-500 -250 0 250 500 750 1000 1250
X [km]

(b)

—50-

—100 -

-150-
Vo=V,/2 Vi=—V,/2
vy= v, =0

—200 -

y [km]

—250 -

—300 -

—350-

—400 - ;

i i 0
—500 —250 500 750 1000 1250

o-
N
O -]
1=}

x [km]

(c)

vio=v,=0

Free Sruface
—— Dirichlet
—— Fault (rate-and-state friction)

“300- V= \/],C()Sf/)
Vy= — V,,sm¢
-400 -
: . . : . . .
0 100 200 300 400 500 600

x [km]

Figure 2. Examples of loading methods for a planar reverse fault model dipping at 30°. Black, grey, and red lines mark the three boundary
conditions of Tandem, the fault governed by the rate-and-state friction, the free surface, and the Dirichlet boundaries, respectively. Red
arrows indicate the imposed displacement vectors along Dirichlet boundaries. Light grey lines show triangular cells with gradually increasing

sizes towards the domain boundary.
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3.6 Continuous integration, continuous development, and documentation

Tandem features a continuous integration (CI) and continuous development (CD) infrastructure, which enhances the devel-
opment workflow by combining automated code-quality checks with thorough testing, reflecting best practices in scientific
software engineering. The CI/CD pipeline performs several automated tasks, including checking code formatting, compiling
and testing the code across multiple modern compilers (including GCC and Clang), and executing unit and regression tests.
The test suite comprises regression tests: (i) for the elastostatic solver in 2D and 3D; (ii) for SEAS tests in 2D; (iii) for parallel
consistency checks in both 2D and 3D; and (iv) which verify the theoretical convergence rate (i.e. the relationship between the
cell size and spatial discretization error) of the SIPG spatial discretization.

The CI/CD pipeline is implemented using container-based workflows, which support cross-platform compatibility and pro-
vide ready-to-use binaries that behave consistently across different machines and operating systems. This approach simplifies
development on diverse HPC environments by decoupling the software stack from the underlying system modules, and it
ensures that proposed changes are automatically validated against a broad set of configurations and problem classes.

User-facing documentation is hosted online and built from the same repository. It includes installation guides, detailed de-
scriptions of configuration files, tutorials for building SEAS models (including mesh generation with Gmsh and Lua scripting),
and reference material on equation scaling and sign conventions. Combined with the open-source BSD 3-Clause license, this

infrastructure lowers the barrier to entry for new users and fosters reproducibility and community contributions.
3.7 Overview of new functionality

Compared to the theoretically focused description of Tandem in Uphoff et al. (2023), several key capabilities have been added
or substantially extended, broadening the range of SEAS problems that can be tackled on modern HPC systems.

First, Tandem now supports scalable checkpointing of discrete Green’s functions (Sec. 3.3). In SEAS simulations using the
discrete Green’s function (DGF) mode, Green’s functions are computed in a pre-computation stage and stored in a matrix. In

D dimensions with N/ fault basis functions located at xzf ,i=1,...,N/ the DGF matrix has D x N/ rows and (D-1)x N !
f
J
Green’s function matrix is incrementally assembled, and partial results are periodically written to disk as checkpoints. Each

columns. Each column j represents the displacement (response) u(x’) to a unit slip vector at each fault point xf . These
checkpoint records not only the partially assembled matrix but also the mapping information between degrees of freedom and
MPI ranks. If the MPI communicator size at restart differs from the original one, the Green’s functions are repartitioned using
permutation matrices so that the simulation can continue with a different number of MPI ranks. The displacement solution
associated with a given set of boundary conditions is checkpointed alongside the DGF matrix, allowing recovery of essential
boundary conditions without recomputation. This design enables large DGF computations to be split into smaller segments
and run under varying HPC queue and allocation constraints.

Second, a robust time-integration checkpointing system has been implemented for SEAS simulations. These simulations
often involve a very large number of time steps and can be limited by maximum wall-time on HPC systems. The checkpointing

mechanism periodically writes the complete state of the time integrator to disk (state variable and slip rate), including the

10
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current solution vector, internal Runge—Kutta stage data, and relevant PETSc TS solver state. Checkpoints can be triggered
based on time-step counter, elapsed CPU time, or physical simulation time, and multiple checkpointed states can be retained.
Simulations can be restarted exactly from any checkpoint file, allowing long simulations to be decomposed into a sequence of
shorter jobs that fit within HPC scheduling policies.

Third, the friction-law implementation has been extended and optimized. Tandem now supports both the aging law and
slip law formulations of rate-and-state friction (Dieterich, 1979; Ruina, 1983). The new slip law implementation is validated
through the community benchmark problem BP6, showing good agreement with other community codes (Lambert et al., 2025).

Fourth, Tandem now supports the perturbation of normal and shear stresses during a SEAS simulation by updating the

background shear (T°) and normal (09) stresses at a given time #:

on(x,t) =0 (x) + 6 (x,t) —nTo(u)n (1)

T(x,t) =T (x) + T(x,t) + B o(u)n (2)

where B is the orthonormal basis of tangential directions on the fault, o is the Cauchy stress, 7 is the unit normal on internal
fault boundaries, and T" and 6, are the shear and normal stress perturbations (for detailed definitions see Appendix A). Together
with the time-integration checkpointing feature, this allows Tandem to model injection-induced pore-fluid pressure variation
(Lambert et al., 2025) and fault slip triggering problems (Yun et al., 2025a).

Next, to reduce the cost of the non-linear solve for fault slip-velocity, the rate-and-state root-finder has been reformulated
to solve for the logarithm of the slip rate rather than the slip rate itself. This simple reparameterization improves numerical
robustness and yields an approximate 30% speed-up in the time-stepping loop for typical SEAS setups, without changing the
underlying physical model.

Finally, to alleviate I/O bottlenecks in large-scale simulations, we have implemented a new HDF5-based (The HDF Group)
output module in Tandem. Previously, extracting quantities such as seismic moment rate over portions of the fault required
processing volumetric VTU files (Schroeder et al., 1998) or large collections of CSV probe files, which stress file system limits
and are inefficient for monitoring many elements over many time steps. The new I/O module computes and writes the moment
rate directly during the simulation, operating inside the rate-and-state kernel where slip rates and state variables are already
available. At each time step, the moment-rate contribution is evaluated as M= f dA wV (t)dA, with p the shear modulus, A
the fault length (2D) / area (3D) obtained from exact quadrature weights, and V' (t) the slip rate. Elementwise contributions are
written in parallel to HDF5 using chunking and collective I/O, preserving numerical accuracy through consistent quadrature
and enabling scalable output. The same approach has been extended to fault and domain probe outputs, allowing field data at

many probe locations to be stored in a single self-contained HDF? file.

4 Running Tandem

This section provides practical guidance on how to run Tandem simulations using cloud and HPC infrastructure, scaling plots

useful for allocation requests on several target machines/infrastructure.
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4.1 On a personal device, standalone or via a virtual machine

Tandem is distributed as a standalone C++/PETSc code and will run on a personal computer or laptop, if all dependencies
are satisfied. The full list of dependencies and installation instructions is documented in Tandem’s repository README
and installation documentation®. The code is also available as a preconfigured virtual machine image that runs out of the
box on macOS systems using UTM, providing full compatibility with ARM-based processors. This setup allows users to
run Tandem simulations directly on their personal laptops without installing dependencies or configuring a development

environment (Oryan, 2024). We included both examples presented in Sec. 5 in the current virtual machine image.
4.2 As a Quakeworx App

Tandem is deployed as an “App” on the Quakeworx Science gateway’ (Barker et al., 2019; Chourasia et al., 2024), an open-
access platform designed to make advanced seismic modeling broadly accessible. Quakeworx provides a centralized, browser-
based environment where users can run Tandem without installing the code, compiling dependencies, or securing access to an
HPC system. The Tandem Quakeworx App supports three workflows: 2D, 3D, and “autoTandem”. In the 2D and 3D modes,
users upload their own unstructured mesh and configuration files, select computational resources, and launch simulations in a
workflow similar in essence to running Tandem on a local cluster. At the same time, the graphical user interface streamlines
setup, submission, and job monitoring, eliminating the overhead of environment configuration and HPC system management.

The autoTandem App offers an even lower barrier to entry by providing users with a simplified 2D seismic cycle model
scenario and automating many modeling steps, including mesh and input file generation. Users are free to alter a small number
of physical parameters, such as dip angle, normal stress, and frictional property distributions via the Quakeworx app interface.
This enables new and novice users to explore SEAS models (and Quakeworx) without requiring meshing tools, scripting
interfaces, or a full understanding of Tandem’s configuration structure. autoTandem also performs internal resolution checks
to verify that the chosen discretization is consistent with SEAS accuracy requirements (Sec. 3.4). In addition, autoTandem
generates a suite of diagnostic plots that help users visualize their simulations and interpret the resulting fault behavior, further
facilitating education in SEAS modeling. Tandem Quakeworx examples are provided in the training GitHub repository® and

have been utilized in training workshops and teaching.
4.3 On many compute nodes

In Fig. 3a, we report weak-scaling results of the elastostatic solver (executable static) on the CPU-based supercomputer
Frontera (TACC) using sub-domains containing approximately 1000 P, DG elements. Frontera consists of 8,289 Intel 8280
“Cascade Lake” nodes, each with 56 cores. Excellent (close to ideal) weak scaling is observed up to 112,000 MPI ranks.
Strong-scaling experiments on the LUMI supercomputer based at CSC, Finland (LUMI-C, denotes CPU-based hardware
and LUMI-G denotes GPU-based hardware) are reported in Figure. 3b. The LUMI system consists of a CPU partition and a

Shttps://tandem.readthedocs.io/en/latest/getting-started/installation.html
"https:/quakeworx.org
8https://github.com/TEAR-ERC/tandem-training
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Figure 3. (a) Weak scaling of an elastostatic solve, on Frontera (TACC, USA), using polynomial degree 4 with varying computational mesh

sizes (annotated in red, in million elements). The measured time to solution is shown by the red line, and the ideal weak scaling result is

shown by the dashed gray line. The right y-axis is the ratio of ideal CPU time over measured CPU time, with ratio values < 1 indicating

better than perfect weak scaling and values > 1 indicating sub-optimal weak scaling. (b) Strong scaling of an elastostatic solve on CPUs

(LUMI-C, orange lines) and GPUs (LUMI-G, blue lines), using polynomial degree 4 and a small mesh of 85,492 volume elements. This

choice allows Tandem to run on a limited number of GPUs on LUMI-G, as larger meshes would exceed the memory capacity of the GPUs,

while still providing a meaningful strong-scaling challenge.
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GPU partition. In the CPU partition (LUMI-C), each compute node contains two AMD EPYC 7763 processors with 64 cores
each, for a total of 128 CPU cores per node. In the GPU partition (LUMI-G), each compute node has one 64-core AMD
EPYC “Trento” CPU and four AMD MI250X GPUs. Each MI250X GPU is a multi-chip module composed of two GPU dies
(Graphics Compute Dies, GCDs).

Our strong scaling tests are based on a real use case involving a 3D elastostatic model simulating instantaneous deformation,
inspired by the 2019 Ridgecrest, California, earthquake sequence (Uphoff et al., 2023). In these experiments, the resources
reported on the x-axis are in terms of compute nodes, as CPU experiments used all 128 CPU cores, and GPU experiments
used all 8 GPUs. As expected, efficiency decreases as the work (elements/node) decreases due to the cost of communication
between the compute nodes, that withstanding the overall time-to-solution is observed to decrease. The solver performance
metrics of DOFs/sec/rank and DOFs/sec/GPU are useful to compare the relative gains obtained using either only the CPU, or
a mix of CPU-GPU hardware. On LUMI-C, we obtained DOFs/sec/rank in the range of [1858,971] (smallest to largest node
count), whilst on LUMI-G we observed DOFs/sec/GPU in the range of [20586, 7389]. When comparing the solver throughput
between a single GPU and a single CPU core, we find ratios in the range of [11, 8]. For the compute nodes on the LUMI system
the ratio of CPU cores to GPUs is 128/8 = 16 > 11, hence the fastest time-to-solution will be obtained using all CPUs on the

compute node.

5 Selected Examples

Recently published Tandem-applications span megathrust earthquake cycles on 2D curved geometries (Biemiller et al., 2024),
the effect of heterogeneous friction and stress perturbation on 2D strike-slip faulting complexity (Yun et al., 2025b), slow slip
and delayed earthquake triggering on strike-slip faults (Yun et al., 2025a), Cascadia slow slip cycles (Magen et al., 2025), and a
theoretical correlation between coseismic and interseismic slip distributions (Oryan and Gabriel, 2025). A detailed exploration
of the effect of different state evolution laws (Sec. 2.1) on modeled seismic cycle is also provided in Yun et al. (2025b). In the

following, we provide two unpublished, illustrative examples.
5.1 BP7, a 3D volumetric SEAS simulation

Tandem participated in the recent “BP7” SEAS community benchmark (Lambert et al., 2023) supported by the Statewide
California Earthquake Center (SCEC). The benchmark models a circular velocity-weakening nucleation zone embedded in
a 3D, homogeneous, isotropic, elastic whole space. We achieve good agreement with the boundary-integral code BiCyclE
(Lapusta et al., 2000; Lapusta and Liu, 2009; Lambert et al., 2025) and the finite-difference code Thrase (Erickson and Dunham,
2014) in this large-scale, long-term SEAS simulations, illustrated in Figs. 4a,b,c. The slight mismatch of the recurrence interval
for the aging-law (Figure 4b) is consistent with previous benchmark exercises results and reflects the impact of varying domain

size and boundary conditions assumptions in volumetric-based codes and sensitivity to numerical choices (Jiang et al., 2022).
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The benchmark setup consists of a planar rate-and-state fault with a velocity-weakening patch surrounded by a velocity-
strengthening region (Fig. 4d). The exercises prescribe a smooth stress perturbation in the VW portion of the fault to trigger
the first rupture (Figure 4c, d).

To approximate the unbounded whole-space solution with our volumetric code, we embed the 0.8 x 0.8 km rate-and-state
fault in a 2 X 2 x 2 km domain. Constant tectonic loading is imposed via Dirichlet boundaries, with V},/2 prescribed on the
outer surfaces at y = 2 km and V), on the central surface (y = 0 km), while the remaining faces (x,z = £2 km) are treated
as traction-free. We use polynomial degree 3 for the DG basis with refined mesh size inside the circular velocity-weakening
region and gradual coarsening toward the boundaries to reduce cost. The on-fault element size at the VW portion is 0.03 km,
and starting at the VS region and moving towards the boundary, the elements coarsen as d/2+ 0.03 km, where d is the distance
from the VW circular patch of the fault. This results in 4698 tetrahedral elements, of which 2446 have a face on the fault surface.
BP7 consists of four quasi-dynamic scenarios, varying the characteristic slip distance (D, = 0.5,0.53 mm) and friction law
(both aging and slip). We here show results for D. = 0.5 in Fig. 4. One simulation required 81,086 s of wall-clock time on
60 AMD EPYC 7662 processors, corresponding to about 1,350 CPU hours. We compare the evolution of the first earthquake
(after the spin-up phase) when using the aging and slip evaluation laws, respectively, in Figure 4e-j. The slip-law solution event
grows initially slower (Figure 4e, h) and then outpaces the aging law modeled earthquake (Figure 4f, i) with both solutions

fully rupturing the VW patch after 1.8s (Figure 4g, j).
5.2 Off-fault megathrust heterogeneity in 2D SEAS simulations.

The elastic structure of the upper plate can play a key role in controlling the behavior of megathrust earthquakes (Prada et al.
(2021); Sallares et al. (2021); Sallares and Ranero (2019)), yet few numerical quasi-dynamic models explicitly capture this
effect. Building upon the BP3 benchmark (Erickson et al., 2023), we design two simple models (Fig. 5) that differ only in their
off-fault heterogeneity: one assumes uniform elastic off-fault properties, and the other allows the shear modulus to vary with
depth (Fig. 5B), following observational constraints from seismic velocity profiles across global subduction zones (Sallares
and Ranero, 2019). Identical normal stress and frictional properties along the fault interface (Fig. 5C) are used in both models.
These example simulations show that even in this simplified setup, earthquake behavior differs markedly between the two
scenarios (Fig. SA). When heterogeneous shear modulus is included, the model produces two distinct types of events, interface-
wide ruptures and deeper, confined earthquakes (Fig. SA2). This difference arises likely because the shallower portion of the
interface, characterized by a lower shear modulus, accumulates stress more slowly and therefore remains unruptured after large

events until sufficient stress is rebuilt during subsequent cycles.

6 Perspectives

Physics-based simulations of regional 3D fault systems using Tandem are useful to guide empirical, traditional earthquake
rupture forecast models and could be eventually used directly for earthquake hazard and risk estimation (Field et al., 2025).

In expensive Tandem earthquake-cycle simulations, a limiting factor is the linear solve: hybrid geometric-algebraic multigrid
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Figure 4. Tandem results for the SCEC SEAS benchmark BP7 (Lambert et al., 2023). (a) Temporal evolution of slip rate at the center of
the velocity-weakening (VW) patch for the slip law. (b) Same as (a) for the aging law. Tandem is compared to the boundary-integral code
BiCyclE (Lapusta et al., 2000; Lapusta and Liu, 2009) and the finite-difference code Thrase (Erickson and Dunham, 2014). (c) Shear traction
on the fault at ¢ = 0.6 s. The first rupture is initiated by a smoothly growing stress perturbation starting at ¢ = 0 and (z, z) = (—0.05,—0.05)
km. (d) Distribution of (a — b) along the fault, with (a —b) = £0.006 in the VW and velocity-strengthening (VS) regions, respectively. (e—g)

Propagation of the first rupture for the aging law. (h—j) Same as (e—g) for the slip law. Note the different color scales in each panel.
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Profile of the rate-and-state friction parameter (b — a) used in both models.

preconditioning with tuned smoothers has been most effective. This approach is algorithmically and memory scalable, i.e.,
iteration counts are essentially independent of degrees of freedom, with near-ideal weak scaling verified to 112,000 MPI ranks
on Frontera (Fig. 3). Currently weak scaling beyond 115k MPI ranks is limited by the graph partitioner ParMETIS, which is not
designed for MPI communicators of this large size. Evaluating alternative graph partitioners, and or hierarchical partitioning
strategies (e.g. Kong et al. (2018)) should be conducted in future work. More broadly, open, shared implementations, together
with community code-comparison benchmarks, accelerate progress and clarify sensitivities. While boundary-integral methods
remain faster, volume methods are indispensable for realistic geometries, heterogeneity, and multiphysics, reinforcing our
emphasis on robust preconditioners for tractable realistic, volumetric SEAS simulations.

A complementary future opportunity is to reduce the effective cost of these volumetric solves using scientific machine
learning methods (e.g., Degen et al., 2023) which are increasingly popular in earthquake modeling, for example, by constructing
reduced-order models (ROMs), neural operators or networks (e.g., Rekoske et al., 2023; Zou et al., 2024; Lehmann et al., 2025;
Rekoske et al., 2025; Hobson et al., 2025; Liu and Becker, 2025). The discrete Green’s function option in Tandem already
replaces repeated elliptic solves by affine slip—traction maps at the expense of a costly precomputation (Sec. 3.3). Recent ROM
studies for SEAS problems show that these maps (Kaveh et al., 2024), and more generally the SEAS dynamics, often evolve
on low-dimensional manifolds that can be captured by projection-based surrogates with large speed-ups at controlled error

(Magen et al., 2025). Combining SIPG, discrete Green’s functions, and ROMs may convert the expensive volumetric stage into

17



385

390

395

400

405

410

a one-time training and compression step, after which many earthquake-cycle simulations, parameter scans, and probabilistic
inversions could be run at much lower marginal cost while retaining the geometric flexibility and stability properties of the

high-order DG formulation.

7 Conclusions

Tandem provides a volumetric, SIPG-based framework for SEAS simulations on unstructured curvilinear meshes that can
resolve complex multi-fault geometries, heterogeneous material structure, and various loading conditions in 2D and 3D.
The combination of high-order DG discretization, hybrid geometric—algebraic multigrid preconditioning, and performance-
portable PETSc/YATeTo kernels yields scalable linear solves on modern CPU and GPU architectures and enables large-scale
3D earthquake-cycle models with near-ideal weak scaling demonstrated to ~112k MPI ranks. The optional discrete Green’s
function mode offers an alternative approach that trades precomputation and memory for rapid time stepping. The code, docu-

mentation, and examples are openly available, including via the Quakeworx Science Gateway in a web browser.

Code availability. The code is available in GitHub at https://github.com/TEAR-ERC/tandem. Instructions on how to build and run the code
are available at https://tandem.readthedocs.io. Tandem is available via a UTM virtual machine suitable for M1/M2/M3 Mac Users via Zenodo
https://doi.org/10.5281/zenodo.12365886] and as “Apps” via the Quakeworx Science gateway at https://quakeworx.org. The input files for

both new examples presented in this paper are openly available at Zenodo https://zenodo.org/records/17885293.

Appendix A: Governing Equations

In the following, we adapt the same notation as Uphoff et al. (2023). We denote the physical domain as Q2 C R (D = 2,3) with
its boundary 0Q = 'PUT'V UT'F' (Dirichlet, Neumann, and internal fault boundaries, respectively). The unknown displacement
is u(x,t), the Cauchy stress is o, and n denotes the unit normal on I'" (pointing from the “—" side of the fault to the “+”
side of the fault). On the exterior boundaries (I'”,T'™V) n is uniquely defined as the outward point unit vector from the exterior

boundary.
Al Linear elasticity in the bulk

In the bulk Q\ (T'F UTP UTY), we assume small-strain linear elasticity in which the strain and stress is given by
eij(u) = 3(uig+u;),  oiy(u) = ciymen(u), (A1)

respectively, with an isotropic constitutive tensor ¢;jx; = A0;;0x; + p(05k 651 + 0116 1).
We consider two forms of the conservation of linear momentum. The first is the guasi-static (QS) regime in which the

conservation of momentum is given by

—0i;(w) = f;  inQ\ (T urlurh. (A2)
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We also consider the fully dynamic (FD) regime in which inertia is included in the momentum equation
pii; —oij;(u) = fi  inQ\(CFurury), (A3)

where p is the density.

On the exterior boundary of {2 we impose standard Dirichlet and Neumann boundary conditions
u=g” onT?, ouwn=t"onTV. (Ad)

A2 Fault kinematics and tractions

Across the fault 'Y we allow a tangential displacement jump (slip) but no opening,
[u] = u" —u~ = BS, [u] m =0 onTF, (A5)

where S(x,t) € RP-1 i the slip vector, V' = S is the slip-rate vector, and B € RDP*(D=1) collects an orthonormal basis of
tangential directions on the fault.

Let t = o(u) n be the total traction and define the tangential traction components
T = BTteRP!, o, = —nTo(u)n >0 (compression>0), (A6)
where ¢ is the unit vector tangential to I'"". If pore pressure p is modeled, we replace o, by the effective normal stress &,, =
Op—P.
A3 Rate-and-state friction
Tandem supports both the classic slip-law and aging-law rate-and-state friction (RSF) variations, implemented as a regularized
(arcsinh) form (e.g., Rice, 1993; Lapusta et al., 2000). Denoting V' = || V||, we define the shear strength as
Vv
Ts = o, f(V,0) Ve € <V (regularization for V = 0), (A7)
€

with the state variable 6 (time dimension), the characteristic slip L, and Vj being a reference slip rate.

The classical parameterizations of f in rate-and-state friction is the log-formulation, with f given by

|4 A%

f(V.0) = fo + aln| — | + bIn[ =2 ), (A8)
Vo L

and the state evolution described by either the aging law (Eq. (A9a)), or the slip law (Eq. (A9b)). The latter is given by

. 0

f=1-17, (A%)

: Ve Vo

=——In(—|. Al
b=-7M ( L ) (A9b)

In Tandem’s implementation we use the regularized arcsinh formulation of the state variable which employs a transformed

state variable defined as ¢ = fy + bIn (V%e) With this change of variables Eq. (A8) and Eq. (A9a) become

f(V,46) = aarcsinh (2VVOexp (f)) " <f 0 b‘”) 7). (A10)
The slip law (Eq. (A9b)) can be used with the log-form of f (Eq. (A8)) directly.
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A4 Quasi-dynamic radiation damping

To stabilize the QS bulk solve while retaining leading-order inertial effects at the interface, the radiation-damping term aug-
ments the traction balance (Rice, 1993; Cochard and Madariaga, 1994; Lapusta et al., 2000):

I

_T:TS+77V7 77:207

(Al1)

where c; is the shear-wave speed and p the shear modulus (so 7 is half the shear impedance in anti-plane; the same scalar 7
is applied to each tangential component). The addition of the radiation damping term, when used in conjunction with the QS

momentum equation is referred to as a quasi-dynamic (QD) SEAS model. The coupled QD SEAS system then is

—0iji(u) = f; inQ\ T, (A12)
[ul]=BS, [u]n=0 onT'F, (A13)
fT:5nf(V,0)VL+6+77V onI'F, (A14)

. . 1— er (aging)
S=V, 0= —Veln<ve), i onI'F, (A15)
L L

with T = BY o(u)n and 7,, from Eq. (A6).
A5 Initial and boundary data.

Provide u(-,0) (or static equilibrium), S(-,0), 6(-,0) on I'?, and loading data (g”,t") on (I'P,T'V). If fluids are included,
replace o,, by 7, = 0,, — p(,t) with p from a (possibly 1D/2D) diffusion model; all interface equations above remain un-

changed.
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