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Summary
is a 2-D finite element code written in C dedicated to simulating thermochemical
convection in the interior of terrestrial planets. Different linear and non-linear rheologies can
be adopted, appropriately simulating the strain and stress pattern in the Earth’s crust and
mantle, both in extensional and collisional tectonics. Additionally, the code allows variations
of boundary condition for the velocity field in space and time, simulating different pulses of
tectonism in the same numerical scenario.
Mandyoc

Statement of need
Mandyoc,

the acronym for MANtle DYnamics simulatOr Code, is designed to simulate Stokes
flow type thermochemical convection taking different compositional layers into account, and it
is also appropriate to simulate Earth’s lithospheric dynamics on geological timescales. Similar
codes are available for geodynamic problems, like ASPECT (Bangerth et al., 2021b, 2021a;
Heister et al., 2017; Kronbichler et al., 2012) and Underworld (Beucher et al., 2019; Moresi
et al., 2007). Therefore, Mandyoc is an alternative to preexistent softwares.
One advantage of Mandyoc is the possibility to create scenarios with velocity boundary conditions
variable in space and time, allowing the user to simulate different tectonic pulses in the same
model run. Additionally, the current version incorporates surface processes, imposing rates of
erosion and sedimentation on the top of the free surface (Silva & Sacek, 2022). Recently, other
thermomechanical codes available for the scientific community incorporated the interaction
with surface processes (e.g., Beucher & Huismans, 2020; Neuharth et al., 2022) taking into
account the simulation of fluvial and hillslope processes. In the present version of Mandyoc,
only predefined erosion/sedimentation rate (variable in space and time) is possible.
Previous versions of the code were used to study the evolution of continental margins, showing
the interaction of the continental lithosphere with the asthenospheric mantle (Sacek, 2017;
Salazar-Mora & Sacek, 2021).

Mathematics
solves the equations for conservation of mass, momentum and energy using the Finite
Element Method assuming the extended Boussinesq approximation, respectively:
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σij = −P δij + η (ui,j + uj,i ) ,
ρ = ρ0 (1 − α(T − T0 )) ,
ui is the component i of the velocity field, T is temperature, t is time, κ is the thermal
diffusivity, H is the volumetric heat production, cp is the specific heat capacity, g is gravity, ρ
is the effective rock density dependent on temperature and composition, ρ0 is the reference
rock density at temperature T0 , α is the coefficient of thermal expansion, P is the dynamic
pressure, η is the effective viscosity, and δij is the Kronecker delta.
The code is fully parallelized using the Portable, Extensible Toolkit for Scientific Computation
(PETSc) (Balay et al., 1997, 2021a, 2021b). The present version of the code can simulate
thermochemical convection using different rheological formulations: Newtonian flow, non-linear
viscous flow or visco-plastic deformation. For example, the lithosphere can be simulated as
a combination of different visco-plastic layers in which the effective viscosity depends on a
nonlinear power law viscous rheology and a plastic yield criterion, like the Drucker-Prager
criterion. Additionally, strain softening is implemented to facilitate the localization of strain in
the plastic regime during, for example, lithospheric stretching.
The composition and strain history is tracked by particles present in the interior of the finite
element. The exchange of particles among the subdomains of the model is efficiently parallelized
in PETSc using DMSwarm (May & Knepley, 2017).
The free surface of the Earth can be simulated and is numerically stabilized using the Free
Surface Stabilization Algorithm (Kaus et al., 2010). Surface processes of erosion and sedimentation can also be incorporated in the thermo-mechanical model, allowing the coupling
between the Earth’s interior dynamics and the processes occurring at its surface. Complex
boundary conditions for the velocity field, variable both in space and time, can be adopted
by the user to simulate different episodes of tectonism. Different benchmarks are available in
the repository and can be reproduced by the user, including thermochemical convection (Van
Keken et al., 1997) and plume-lithosphere interaction (Crameri et al., 2012).
As an example application of Mandyoc, Figure 1 presents snapshots of one numerical scenario
of lithospheric stretching imposing a divergent flow direction, resulting in rifting and break-up.
In this example, the upper crust, lower crust, lithospheric mantle and asthenosphere present
different rheology and density, resulting in faulting mainly in the upper crust and part of
the lithospheric mantle. Additionally, deformations in the lower crust and at the base of the
lithospheric mantle are accommodated by ductile creep flow. This example can be reproduced
from the repository.

Sacek et al. (2022). Mandyoc: A finite element code to simulate thermochemical convection in parallel. Journal of Open Source Software,
7 (71), 4070. https://doi.org/10.21105/joss.04070.

2

Figure 1: Mandyoc example of application of the thermo-mechanical model to simulate the stretching
of the lithosphere, assuming different rheologies. The scales of gray represent cumulative strain in the
different materials. Details can be found in the repository.

Acknowledgements
We acknowledge contributions from Dave May for the help with the implementation of the
multigrid algorithm. This project was sponsored by FAPESP (Processes 2017/24870-5 and
2019/23246-1) and Petrobras (Process 2017/00461-9).

References
Balay, S., Abhyankar, S., Adams, M. F., Brown, J., Brune, P., Buschelman, K., Dalcin, L.,
Dener, A., Eijkhout, V., Gropp, W. D., Karpeyev, D., Kaushik, D., Knepley, M. G., May, D.
A., McInnes, L. C., Mills, R. T., Munson, T., Rupp, K., Sanan, P., … Zhang, H. (2021a).
PETSc users manual (ANL-95/11 - Revision 3.15). Argonne National Laboratory.
Balay, S., Abhyankar, S., Adams, M. F., Brown, J., Brune, P., Buschelman, K., Dalcin, L.,
Dener, A., Eijkhout, V., Gropp, W. D., Karpeyev, D., Kaushik, D., Knepley, M. G., May, D.
A., McInnes, L. C., Mills, R. T., Munson, T., Rupp, K., Sanan, P., … Zhang, H. (2021b).
PETSc Web page. https://petsc.org
Balay, S., Gropp, W. D., McInnes, L. C., & Smith, B. F. (1997). Efficient management of
parallelism in object oriented numerical software libraries. In E. Arge, A. M. Bruaset, &

Sacek et al. (2022). Mandyoc: A finite element code to simulate thermochemical convection in parallel. Journal of Open Source Software,
7 (71), 4070. https://doi.org/10.21105/joss.04070.

3

H. P. Langtangen (Eds.), Modern software tools in scientific computing (pp. 163–202).
Birkhäuser Press. https://doi.org/10.1007/978-1-4612-1986-6_8
Bangerth, W., Dannberg, J., Fraters, M., Gassmoeller, R., Glerum, A., Heister, T., & Naliboff,
J. (2021a). ASPECT v2.3.0. https://doi.org/10.5281/zenodo.5131909
Bangerth, W., Dannberg, J., Fraters, M., Gassmoeller, R., Glerum, A., Heister, T., & Naliboff,
J. (2021b). ASPECT: Advanced solver for problems in earth’s ConvecTion, user manual.
https://doi.org/10.6084/m9.figshare.4865333.v8
Beucher, R., & Huismans, R. (2020). Morphotectonic evolution of passive margins undergoing
active surface processes: Large-scale experiments using numerical models. Geochemistry,
Geophysics, Geosystems, 21(5), e2019GC008884. https://doi.org/10.1029/2019GC008884
Beucher, R., Moresi, L., Giordani, J., Mansour, J., Sandiford, D., Farrington, R., Mondy,
L., Mallard, C., Rey, P., Duclaux, G., & others. (2019). UWGeodynamics: A teaching
and research tool for numerical geodynamic modelling. Journal of Open Source Software,
4(36), 1136. https://doi.org/10.21105/joss.01136
Crameri, F., Schmeling, H., Golabek, G., Duretz, T., Orendt, R., Buiter, S., May, D., Kaus, B.,
Gerya, T., & Tackley, P. (2012). A comparison of numerical surface topography calculations
in geodynamic modelling: An evaluation of the “sticky air” method. Geophysical Journal
International, 189 (1), 38–54. https://doi.org/10.1111/j.1365-246X.2012.05388.x
Heister, T., Dannberg, J., Gassmöller, R., & Bangerth, W. (2017). High accuracy mantle
convection simulation through modern numerical methods - II: Realistic models and
problems. Geophysical Journal International, 210(2), 833–851. https://doi.org/10.1093/
gji/ggx195
Kaus, B. J., Mühlhaus, H., & May, D. A. (2010). A stabilization algorithm for geodynamic
numerical simulations with a free surface. Physics of the Earth and Planetary Interiors,
181(1-2), 12–20. https://doi.org/10.1016/j.pepi.2010.04.007
Kronbichler, M., Heister, T., & Bangerth, W. (2012). High accuracy mantle convection
simulation through modern numerical methods. Geophysical Journal International, 191(1),
12–29. https://doi.org/10.1111/j.1365-246X.2012.05609.x
May, D. A., & Knepley, M. G. (2017). DMSwarm: Particles in PETSc. EGU General
Assembly Conference Abstracts, 10133. https://ui.adsabs.harvard.edu/abs/2017EGUGA.
.1910133M/abstract
Moresi, L., Quenette, S., Lemiale, V., Meriaux, C., Appelbe, B., & Mühlhaus, H.-B. (2007).
Computational approaches to studying non-linear dynamics of the crust and mantle. Physics
of the Earth and Planetary Interiors, 163(1-4), 69–82. https://doi.org/10.1016/j.pepi.2007.
06.009
Neuharth, D., Brune, S., Wrona, T., Glerum, A., Braun, J., & Yuan, X. (2022). Evolution
of rift systems and their fault networks in response to surface processes. Tectonics,
e2021TC007166. https://doi.org/10.1029/2021TC007166
Sacek, V. (2017). Post-rift influence of small-scale convection on the landscape evolution at
divergent continental margins. Earth and Planetary Science Letters, 459, 48–57. https:
//doi.org/10.1016/j.epsl.2016.11.026
Salazar-Mora, C. A., & Sacek, V. (2021). Lateral flow of thick continental lithospheric mantle
during tectonic quiescence. Journal of Geodynamics, 145, 101830. https://doi.org/10.
1016/j.jog.2021.101830
Silva, R. M. da, & Sacek, V. (2022). Influence of surface processes on post-rift faulting during
divergent margins evolution. Tectonics, 41, e2021TC006808. https://doi.org/10.1029/
2021TC006808

Sacek et al. (2022). Mandyoc: A finite element code to simulate thermochemical convection in parallel. Journal of Open Source Software,
7 (71), 4070. https://doi.org/10.21105/joss.04070.

4

Van Keken, P., King, S., Schmeling, H., Christensen, U., Neumeister, D., & Doin, M.-P.
(1997). A comparison of methods for the modeling of thermochemical convection. Journal
of Geophysical Research: Solid Earth, 102(B10), 22477–22495. https://doi.org/10.1029/
97JB01353

Sacek et al. (2022). Mandyoc: A finite element code to simulate thermochemical convection in parallel. Journal of Open Source Software,
7 (71), 4070. https://doi.org/10.21105/joss.04070.

5

