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Research Frontiers
1. Computational geodynamics is an expanding young science. Its 
key idea is that anything in Earth and Planetary Sciences can be 
modeled, quantified and explained on physical-mathematical basis.

2. As the result, new frontiers in computational geodynamics are 
defined by its expansion to other fields:
Geodynamics + Seismology
Geodynamics + Landscape Science
Geodynamics + Geochemistry
Geodynamics + Climatology
Geodynamics + Planetology + Astronomy
Geodynamics + Biology + … = Biogeodynamics
Biogeodynamics + Social Sciences = Future Dynamics

3. Computational Geodynamics helps discovering new processes and 
phenomena



Japan slab tomography model
Tao et al. (2018)

Geodynamics + Seismology
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Discovery of slab segmentation



(Dal Zilio et al., 2018)

Geodynamics + Seismology
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Discovery of seismicity controls



Geodynamics + Planetology

Gülcher et al. (2020)
Anna Gülcher

Discovery of Venus “ring of fire”



Biogeodynamics is a new innovative trans-disciplinary field that focuses on understanding 
and quantifying how the long-term interior and surface evolution of Earth and Earth-like planets 
interact to modulate landscape, atmosphere, oceans, climate, life and human civilization.

Biogeodynamics explores the interface between the disciplines of geodynamics, 
geomorphology, climate and atmosphere science, geobiology, ecology and social sciences.

This emergent field aims to understand and quantify these dazzlingly complex 
relationships by combining observational and hybrid modeling approaches, and development 
of new hybrid computational tools in which relevant physical, chemical, 
biological, atmosphere/ocean/climate and geomorphological processes are intrinsically coupled.

Biogeodynamics seeks to investigate different global and regional geodynamical evolution 
scenarios to gage their influence on biosphere evolution (including humans).

Geodynamics + Biology + … = Biogeodynamics
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Future Dynamics: new frontier of research 
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Are we alone?

What should we do?

How should we do it?

What do we need?

Questions and Answers

Yes.

Survive.

Align with Earth.

Future Dynamics.

No!

Search for Aliens!

Broadcasting into the space!

Gigantic radio stations!

Questions:
Boring answers Exciting Answers



Are we alone?
Yes.



No any extraterrestrial civilizations communicate with 
us☹. Why is that?

1. Civilizations can only be expected on 
planets with Continents, Oceans, and 
Plate Tectonics (COPT)

2. Such planets form a very small (<<1%) 
fraction of habitable planets with 
primitive life. 

(Stern and Gerya, 2024, Scientific Reports)



fi = foc・ fpt = <0.00003 - <0.002
fi is the fraction of planets with life that evolve intelligent life

fpt=<0.17 is probability for a planet to have plate tectonics

foc=0.00016 – 0.011 is probability for a planet 
to have coexisting oceans and continents

Where should we look for advanced life?
On planets with oceans, continents and plate tectonics (COPT)

(Stern and Gerya, 2024, Scientific Reports)





Roman (2023)

Lifespan of technological civilizations can be short
due to a (fatal) societal collapse (300-1000 years)

Roman (2018)

Archaeological record 
of Easter Island

Socio-Environmental Model



What should we do?
Survive on geological timescales.



How should we do it?
By aligning with Earth tempo and cycles.



Look-up table of climate 
simulations with PlaSim 
(slab ocean or LSG ocean 
model) at different time 
steps at different CO2 levels

Carbon exchange between 
geologic reservoirs and 
atmosphere-ocean: models or 
reconstructions for degassing, 
silicate weathering

Julian Rogger

Biogeodynamical Carbon Cycle
Validation of net primary productivity (NPP)

Natural data

Numerical model prediction

Eco-evolutionary vegetation 
model including trait evolution 
and ecological interactions 
(e.g., dispersal, competition) –
based on gen3sis

Rogger et al. (2024, 
Science Advances)

Rogger et al. (2024, 
Science)



1.) Dispersal 
range: how far can 
the floras migrate? 

2.) In situ adaptive 
evolution: how fast 
can it evolve and 
adapt to the local 
environment?
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New world

Same world

Dead world

Adaptation capacity 
shapes climate trajectory 
and long-term climate state

Climate evolution and biological dynamics 
after extreme CO2 degassing

Rogger et al. (2024, Science)



Permian-Triassic 
boundary

Triassic-Jurassic 
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Cretaceous-Paleogene 
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Present
day

Configuration and vegetation of tectonic plates 
control longevity and severity of bio-climatic crisis caused by Large Igneous Province degassing

Rogger et al. (2024, Science)
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models data

Rogger et al. (2024, Science)



Rogger et al. (2024, Science)

Recovery is much slower than warming
Present day climate crisis can last for millions of years…



What do we need?
Future Dynamics.
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Future Earth’s geographical configuration and landscape

present day (Christian Verard, personal communication)



Work Package 1. Future Earth’s geographical configuration and landscape

5 Myr after present day (Christian Verard, personal communication)



Future Earth’s geographical configuration and landscape

10 Myr after present day (Christian Verard, personal communication)



Rogger et al. (submitted to Science Advances)

Future plants- and humans-mediated carbon cycle.

Julian Rogger



Rogger et al. (submitted to Science Advances)

Future plants- and humans-mediated carbon cycle.

Julian Rogger



Work Package 3. Future climate multi-stability and tipping points.

biogeodyn-MITgcmIS (Moinat et al., 2025; Moinat et al., in preparation)



Alternative climatic steady states (attractors) 
for the Permian-Triassic paleogeography 
(Ragon et al., 2023) 10 Myr after present day

(Christian Verard, personal communication)

5 Myr after present day

Future climate multi-stability and tipping points.



Evolution and longevity of human technological civilization

socio-environmental models (Roman, 2018; Roman and Bertolotti, 2023)



Evolution and longevity of human technological civilization

0 Myr +5 Myr +10 Myr



International
Lithosphere
Program



Conclusions
1. Computational Geodynamics is an expanding young science with strong HPC-AI 
potential.
2. New research frontiers in computational geodynamics are defined by its 
expansion to other fields:
Geodynamics + Seismology
Geodynamics + Landscape Science
Geodynamics + Geochemistry
Geodynamics + Climatology
Geodynamics + Planetology + Astronomy
Geodynamics + Biology + … = Biogeodynamics
including (hopefully) emergence of
Biogeodynamics + Social Sciences = Future Dynamics
3. The exciting new fields of Computational Biogeodynamics emerged, which 

explores connections between deep Earth processes, surface processes, and 
evolution of life and human civilization on Earth and other planets. 

Cross-disciplinary HPC-AI community effort is required for future progress.


