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• How can we quantify hazards at new site?

• What data are useful to reduce uncertainty?

• Which type of data is most important to 

quantify induced seismicity hazards? 

• Are there effective management strategies?  

High-resolution storage estimates that more critically assess the integrity of 
individual storage complexes in terms of their ability to sequester CO2 without 
significant leakage [..] and avoid triggering of injection-induced seismicity 
will eventually be required.

“ “

Getting to Neutral. Chapter 6,  page 87,  2020.

We need models to understand induced seismicity!



Models of induced seismicity
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Reduced order models 
(Orion)

High fidelity models
(this project)

• Provide information about the seismicity rate
• Low computational cost
• Can be used by non-experts

• Provide event locations and magnitudes
• Computationally expensive
• Necessary to train/validate ROM



Key ingredients
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A poromechanics 
simulation module 

An earthquake model

Two-way Coupling

[Seagall and Lu (2015)]



Objectives and subtasks 
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• Deliverable: quasi-static fault modeling capability in the open-source GEOS framework.

Subtask 1 – Quasi-static fault stability analysis capability 

• Deliverable: a coupled poromechanics-earthquake (HM+E) simulation capability in the open-
source GEOS framework.

Subtask 2 – Quasi-dynamic fault modeling capability

• Deliverable: a demonstration of the applicability of the developed capabilities through the modeling 
of induced-seismicity at a real GCS site.

Subtask 3 – Demonstration of the applicability of the developed framework

Objective: develop, within the open-source GEOS simulation framework, a high-fidelity coupled 
poromechanical and earthquake rupture simulator. 



CO2 storage simulation with GEOS
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GEOS: A Multiphysics, High-performance, Open-source Simulator for Geological Carbon Storage
Isaac Jua, Hamdi Tchelepia, Herve Grossb, Nicola Castellettoc  and the GEOS Developer Team

aDepartment of Energy Science and Engineering, Stanford University
bTotalEnergies EP Research and Technology USA

cAtmospheric, Earth, and Energy Division, Lawrence Livermore National  Laboratory

D E P A R T M E N T  O F  E N E R G Y  S C I E N C E  A N D  E N G I N E E R I N G ,  S T A N F O R D  U N I V E R S I T Y

More accurate predictions of rock-fluid interactions
Traditional oil and gas simulators do not account for some interactions that 
are critical to CCS operations, such as the geomechanical deformations 
caused by CO2 injection in the pore space. Multiphysics simulation is 
necessary for an accurate representation of these interactions.

Better quantification of geomechanical risks
Injecting CO2 can increase geomechanical risks such fault activation, plastic 
deformations, or micro-seismicity. Multiphysics simulations are required to 
obtain an accurate quantification of these risks, even far from the injection 
sites and long after operations have stopped.

Multiphysics calls for advanced numerical methods
Geological models of CCS operations include the target storage formation, 
but also its overburden and underburden. To simulate such extensive 
models, advanced numerical methods and HPC-portability are essential.

Impact: Providing open-source tool to aid safe permitting and efficient 
operation of geologic carbon storage projects

Performance: Keeping pace with ongoing revolution in high- 
performance computing hardware

Fidelity: Enriching physics used in practical simulations, allowing 
complex processes to be handled seamlessly

Decision-Making: Learning to combine increasingly large data 
acquisitions with smart simulation to inform rapid decision making

FC–MAELSTROM

Conclusion & Future work

Collaboration

Number of elements 4,177,966

Number of nodes 1,930,023

Degrees of Freedom 16,292,970

Sea Floor

Why is Multiphysics Simulation Important?

Open-source for collaboration and transparency

Ready for Industrial-scale Simulations: a North Sea Site

High-performance: portability and scalability

HPC effort for CCS should expand 
beyond traditional reservoir simulation 
with an emphasis on subsurface pressure and saturation 
distributions to address the effects on regional hydrodynamics, 
pressure perturbations, modified stress fields, and deformation
at the reservoir and basin scales.

June

2019
September

2017

10km

GEOS is freely available on GitHub (https://www.geos.dev/)

GEOS is an open platform for R&D in physics, numerics, and HPC.
CO2 injector
1.5 Mtpa for 25 years

Pressures

CO2 Saturation

Displacements

GEOS is designed to 
leverage current and 
next-generation HPC 
architectures

GEOS can simulate basin-scale formation with complex geological structures

GEOS produces accurate predictions with strong numerical scalability

Cores DoF/core Simulation Time

32 504.3 k 5h 8min

64 253.1 k 2h 55min

128 126.6 k 1h 58 min

1,024 15.8 k 34 min

Transparent code & qualification processes for regulators
GEOS is a tool that can be used for Class VI permit applications.

Pelican Renewables, LLC 
submitted their Class VI 
Permit Application to EPA 
Region 9 for implementing 
CCS in the California Delta 
adopting GEOS as the primary 
dynamic modeling software 

Background

Motivations for a Next-generation Simulator

Carbon Capture and Storage (CCS) is a technology that can lead to 
significant reductions in global CO2 emissions at scale. The process 
involves capturing CO2 from emission points such as power plants and 
industrial facilities, separating it, and compressing it. The compressed CO2 
is injected in geologic sequestration sites. To ensure safe and efficient 
operations of CO2 geological storage projects, numerical simulations are 
necessary. These multiphysics simulations require the tight coupling of 
compositional multiphase flow, transport, and rock deformation.

Establish one or more 
internationally recognized CO2 
storage open-source software
as done with climate models. Such open-source software
would enable transparency, openness and wider collaboration.”

Underburden down to basement

CO2 saturation

CO2 injection site: deep saline aquifer

Overburden

6 km

57.1 km

21.7 km

Geological Model GEOS simulation model

65 
contributors

4,000+ 

updates 
since 2018

open-source
since

2020
30+ 

peer-reviewed 
publications

ü Unique coupled poromechanics 
capabilities

ü Allows for unprecedented 
resolutions

ü Employed for real field problems

Ø Fault modeling needs 
improvement

Figure: GEOS simulations of the Northern Lights storage project



High-fidelity poromechanics & ROM for seismicity
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- Earthquake rate equations are derived from rate-state friction

- We assume we know faults orientation

�̇� =
1
𝑡!
&𝑅 𝑡!�̇� 𝑡 −	 &𝑅

�̇� 𝑡 =
�̇� 𝑡 𝜎 𝑡 − 𝜏 𝑡 �̇�(𝑡)

𝑎𝜎(𝑡)

𝑡! =
𝑎𝜎"	
̇𝜏#

[Dieterich, (1994)]

• 𝜎 and 𝜏 extracted 
from a 
poromechanics 
simulation.

Ø Provides a seismicity rate with no information about 
location and magnitude of the events



Otaniemi Geothermal field, Finland

9Work in collaboration with Taeho Kim and Herve Gross (TotalEnergies) 



Two-way coupled poromechanics & earthquake model
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−∇	 ⋅ 𝝈$ − 𝑏𝑝𝟏 − 𝜌𝒈 = 0                                                on ℳ	× 𝟎, 𝑻                      Linear momentum balance

�̇�%
& + ∇ ⋅ 𝜌%	𝒗%& − 𝑞%

'& − 𝑞%& = 0                             on ℳ	×	(𝟎, 𝑻]               Matrix mass balance

𝝈 ⋅ 𝒏 = 0                                                                                    on 𝔉	× 𝟎, 𝑻                          Stress continuity across the fracture

�̇�%
' + ∇ ⋅ 𝜌%	𝒗%

' − 𝑞%
&' − 𝑞%

' = 0	                      on 𝔉	×	(𝟎, 𝑻]                                                            Fault mass balance

Step 1: explicitly represent faults in the poromechanical model



Contact constraints & friction law
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Normal contact conditions

𝜆( = 𝝀 ⋅ 𝒏 ≤ 0                 on 𝔉	× 𝟎, 𝑻                                                      

𝑔( = 𝒖 ⋅ 𝒏 ≥ 𝟎	 on 𝔉	× 𝟎, 𝑻

𝜆(𝑔( = 0        on 𝔉	×	(𝟎, 𝑻]

Coulomb friction law

𝝀) * − 𝜏&!+ = 0                    on 𝔉	× 𝟎, 𝑻                                                      

�̇�) ̇𝑡) − 𝜏&!+ �̇�) * = 𝟎	 on 𝔉	× 𝟎, 𝑻

𝜏!

𝜏

𝜏"#$ =
𝑓𝜆%        

𝑔(

𝑔)𝔉, 

𝔉, 
𝔉- 𝔉- 

Not suited to model seismicity!



Rate- and state-dependent friction
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𝑓 = 𝑓" + 𝑎 ln
𝑉
𝑉"

+ 𝑏 ln
𝑉"𝜃
𝐷.

Friction is a function of slip velocity (𝑉) and state 
variable (𝜃):

O𝑎 − 𝑏 < 0	 steady−state	velocity	we𝑎𝑘𝑖𝑛𝑔
𝑎 − 𝑏 > 0	 steady−state	velocity	𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑒𝑛𝑖𝑛𝑔 

At Steady-state  /0
/)
= 0 :

𝜕𝜃
𝜕𝑡 = −

𝑉𝜃
𝐷.

ln
𝑉𝜃
𝐷.

slip law [Ruina, 1983]

[modified after Y. Huang et al, Earthq. Research Adv.  (2023)]

𝑓11 = 𝑓" + (𝑎	 − 𝑏) ln
𝑉
𝑉"

𝑓

𝑢

𝜏!

𝜏

𝜏"#$ = 𝑓𝜆%         



0D earthquake model: spring-slider system [1/3]
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𝜆(

𝜏' = 𝑓𝜆(

𝑉
𝐾

𝑉"

𝜏" + �̂� ⋅ 𝑡	 − 𝐾𝛿	 − 𝜂𝑉 − 	𝑓 𝜃, 𝑉 𝜆( = 0 Force balance
/2
/)
− 𝑉 = 0	                              Slip evolution

/0
/)
+ 	𝐺(𝑉, 𝜃) = 	0    Slip/Aging law

𝜆) 𝑡 = 𝜏" + �̂� ⋅ 𝑡 − 𝐾𝛿	 − 𝜼𝑽

𝜼𝑽 is the radiation-damping term where 𝜼 is the shear impedance

Quasi-dynamic 
approximation



0D earthquake model: spring-slider system [2/3]
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𝜆(

𝜏' = 𝑓𝜆(

𝑉
𝐾

𝑉"

𝑟3 𝜃, 𝑉 = 	 𝜏( +	 �̂� ⋅ Δ𝑡	 − 𝐾 𝛿( + 𝑉Δ𝑡 − 𝜂𝑉 − 	𝑓 𝜃, 𝑉 𝜆( = 0

𝑟* 𝜃, 𝑉 =
𝜃 − 𝜃(
Δ𝑡 + 𝐺(𝜃, 𝑉) = 0

We can discretize with Euler-backward*…

…and solve with the Newton-Raphson method

*we have also explored other time-integrators



0D earthquake model: spring-slider system [3/3]
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𝜆(

𝜏' = 𝑓𝜆(

𝑉
𝐾

𝑉"

The peaks are characteristic events (i.e., quakes)



Coupled (poro)mechanics & quasi-dynamic earthquake model
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Start time-step Evaluate residual Assemble LS

Solve LS

Evaluate residual Converged?

Solve Rate- and 
state- equations End time-step

Yes

No

GEOS poromechanics 
solver

𝜎( and 𝜏	

slipAccurate tractions of the fault surfaces are 
crucial!



Discretization of explicitly represented faults
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𝐾44 𝐶45
𝐶54 0

𝑢
𝜆 = −

𝑟4
𝑟5

Results in the following saddle-point 
problem



Discretization of explicitly represented faults
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𝐾44 𝐶45
𝐶54 0

𝑢
𝜆 = −

𝑟4
𝑟5

Results in the following saddle-point 
problem



Discretization of explicitly represented faults
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Results in the following saddle-point 
problem

𝐾44 𝐶45
𝐶54 𝐴1)!6

𝑢
𝜆 = −

𝑟4
𝑟5



Discretization of explicitly represented faults

20

Results in the following saddle-point 
problem

𝐾44 𝐶45
𝐶54 𝐴1)!6

𝑢
𝜆 = −

𝑟4
𝑟5

The stabilization matrix affects the solution and it is only 
exact for hexahedral elements.



Discretization of explicitly represented faults
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Results in the following saddle-point 
problem

The stabilization matrix affects the solution and it is only 
exact for hexahedral elements.

𝐾44 𝐶45
𝐶54 𝐴1)!6

𝑢
𝜆 = −

𝑟4
𝑟5

𝐴66 𝐴64 𝐴6)
𝐴46 𝐴44 𝐴4)
𝐴)6 𝐴)4 0

𝑢6
𝑢
𝜆

= −
𝑟6
𝑟4
𝑟5

• Does not affect the solution
• It is generic for all element types (as long 

as we can write the bubble)
• Can be statically condensed



Discretization of explicitly represented faults
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Results in the following saddle-point 
problem

The stabilization matrix affects the solution and it is only 
exact for hexahedral elements.

𝐾44 𝐶45
𝐶54 𝐴1)!6

𝑢
𝜆 = −

𝑟4
𝑟5



Coupled (poro)mechanics and earthquake model

23Work in collaboration with Vidar Stiernstroem, Matteo Frigo, Eric Dunham, Nicola Castelletto 

Slip is prescribed as a 
b.c. to the mechanics 



Coupled (poro)mechanics and earthquake model
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Slip is prescribed as a 
b.c. to the mechanics 



Coupled (poro)mechanics and earthquake model
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Slip is prescribed as a 
b.c. to the mechanics 



Coupled (poro)mechanics and earthquake model
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Slip is prescribed as a 
b.c. to the mechanics 

Work in collaboration with Vidar Stiernstroem, Matteo Frigo, Eric Dunham, Nicola Castelletto 



Year 1: subtasks & milestones overview
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• 1.1 – Implementation of a conforming discretization approach to 
model faults in a poroelastic medium. 

• 1.2 – Implementation of constitutive laws that account for the 
dependency of fault permeability on stressing conditions. 

Subtask 1 – Quasi-
static fault stability 
analysis capability

Milestone 1.1: Poromechanical solver with Lagrange multiplier-
based contact enforcement implemented in GEOS and validated with 
numerical examples (Completed).



Year 2: subtasks & milestones overview
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• 2.1 –Implementation of a rate- and state-dependent friction model. We enrich the framework devised in 
subtask 1.1 with a rate- and state-dependent friction model. 

• 2.2 – Development of a prototype quasi-dynamic earthquake rupture modeling capability. We will 
develop a prototype earthquake rupture simulator and implement it in the GEOS framework. 

• 2.3: Development of a strategy to couple poromechanics with a quasi-dynamic earthquake rupture 
physics.

Subtask 2 – Quasi-
dynamic fault 
modeling capability 

Milestone 2.1: Rate- and state- friction model implemented and 
validated. [Fully prototyped & GEOS implementation ongoing]
Milestone 2.2: Prototype quasi-dynamic earthquake rupture 
modeling capability completed. [80%]
Milestone 2.3: Prototype coupled poromechanics and quasi-
dynamic earthquake rupture modeling capability completed. [50%]
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