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PREFACE 
Considering the urgent need to reduce greenhouse gases in the atmosphere and address climate 

change, it is crucial to capture and store unavoidable CO2 emissions alongside other vital emission 

reduction measures. Sequestration of CO2 underground is indeed essential to achieving the carbon 

neutrality targets set by industrialised countries by 2050. In this context, many large-scale CO2 stor-

age hubs are currently being developed around the world, particularly in the United States, Europe, 

and China. Sedimentary basins with interconnected reservoirs are likely to host multiple CO2 storage 

sites, between which pressure interference can be expected. The cumulative effect of multiple CO2 

projects in a given region may limit its overall storage capacity, potentially causing undesirable ef-

fects such as induced seismicity and caprock failure through the reactivation of critically stressed 

fault zones. The primary aim of the Caprock Integrity & Gas Storage Symposium (CIGSS) series1 is 

therefore to provide a platform for the exchange and discussion of scientific, technological, industrial 

and regulatory advances related to caprock integrity, while also focusing on CO2 injection into res-

ervoirs. 

Intentionally organised in Saint-Ursanne with the support of the Mont Terri underground rock labor-

atory and its partners, the CIGSS series benefits from the invaluable knowledge and contributions 

of the radioactive waste disposal community. Their experience is particularly invaluable when it 

comes to gas migration, such as the production of hydrogen by canister corrosion in low-permeability 

rocks, such as claystone. This rock is a promising host for nuclear waste disposal and a safe caprock 

for CO2 and hydrogen storage. 

In summary, the two-day 2nd CIGSS conference is organised around five core themes: 

¶ Small-scale laboratory experiments  

¶ Importance of faults for CO2/gas storage  

¶ Numerical modelling and simulations  

¶ In-situ measurements  

¶ Monitoring and new technologies  

The core themes will enable practitioners and researchers from a variety of backgrounds to over-

come current knowledge barriers and establish a framework for evaluating caprock integrity in clay-

stone, potentially increasing public acceptance of geological gas storage. 

The CIGSS programme will also include five keynote lectures, a guided tour of the Mont Terri un-

derground rock laboratory, and a symposium dinner in Porrentruy.   

 
1 The 1st CIGSS took place in January 2024. The proceedings can be found here. 

https://www.cigss.ch/historic/2024-2/
https://doi.org/10.60695/swisstopo-25012024
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10:45 Coffee break  

 
11:15 Session 2  

Small-scale laboratory experiments 
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12:15 Lunch  

 
13:30 Session 3  

Importance of faults for CO2/gas storage 
Chair: Elin Skurtveit (NGI) 

 
14:45  
 

Stretching break  

 
14:50 Session 4  

Numerical modelling and simulations 
Chair: Gabriela von Goerne (BGR) 

 
15:50 Coffee break  

 
16:15 Session 5  

In-situ measurements 
Chair: Marcella Dean (Shell) 

  

17:30 Aperitif  

 
18:15 Transfer to dinner  / Porrentruy  
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Chair: Christophe Nussbaum (swisstopo) 

  

13:00 Lunch  
  
14:00 Rock laboratory visit  
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David Jaeggi (swisstopo) 
Capucine Marion (EAWAG) 
Dominik Zbinden (SED) 
Martin Ziegler (swisstopo) 
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15:30 Back at visitor centre and end of CIGSS  
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A simulation framework for the prediction of geomechanical 

impacts from basin-scale CO2 storage 

Jens Birkholzer1*, Yves Guglielmi1, Stanislav Glubokovskikh1, Abdullah Cihan1, Jonny Rutqvist1, 

Meng Cao1, Preston Jordan1 and Matthew Reagan1 

1 Energy Geosciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA 

* jtbirkholzer@lbl.gov 

1 Introduction  

After decades of research on geologic carbon storage, the world is finally moving from pilot tests and 

demonstration experiments to industrial-scale implementation. Many large-scale CO2 storage hubs 

are currently in development across the world, notably in the United States, Europe and China. Yet 

further expansion of carbon capture and sequestration to perhaps a gigaton scale is needed to 

achieve a net zero clean energy future. Sedimentary basins with interconnected reservoirs will likely 

host multiple CO2 storage sites between which pressure interference can be expected. The cumula-

tive effect of multiple CO2 projects in a given region may limit its overall storage capacity, may en-

large the project area that needs to be characterized and monitored, and may cause unwanted ef-

fects such as generating seismic events and caprock failure per reactivation of critically stressed 

faults. Such risks need to be carefully managed.  

Here, we focus on regional-scale CO2 storage management with emphasis on geomechanical risks 

and discuss our ongoing development of a versatile framework for simulation-driven storage optimi-

zation at a regional scale. First, we use simplified poroelastic flow simulations across an entire basin 

(with multiple CO2 storage projects) to identify potentially critically stressed faults. Second, we verify 

the conservative estimates from basin-scale poroelastic evaluations by simulating rupture on these 

potentially critically stressed faults, using advanced hydromechanical models of fault slip at the scale 

of individual CO2 storage projects.  

The state-of-the-art for assessment of induced seismicity and caprock failure risks relies on over-

pressure as the main control for the fault stability via the Coulomb failure criterion. Such a simplified 

view disregards several key mechanisms, such as the importance of poroelasticity, the relationship 

between seismic/aseismic fault slip and permeability increase in caprock faults, and the relevance 

of multiphase effects on fault failure mechanisms. In the following, we present a hypothetical basin 

model along with several injection scenarios, which highlight the importance of project-to-project 

interaction as well as accurate upscaling of the fault physics.  

2 Simplified basin -scale simulations  using the boundary element method  

The key challenge of regional-scale simulation arises from the fact that pressure/stress changes in 

a given basin occur over several years/decades and have characteristic dimensions of tens of kilo-

meters, while fault reactivation is rapid and local, and thus requires frequent time steps as well as 

accurate representation of the fine-scale fault geometry and rheological properties. We implement a 

number of practical strategies to bridge the gap between the basin-scale computations of pressure 

and stress changes and sophisticated coupled hydromechanical simulations of localized fault rup-

ture. Our approach starts with poroelastic simulations at the basin scale using the boundary element 

(BE) method to locate segments of faults with sufficiently high Coulomb stress such that they may 

be activated (or other more advanced fault activation indicators based on rate-and-state theory). The 

BE method enables the representation of multiple wells, faults, and both lateral and vertical hetero-

geneities without requiring fine-scale meshing, thereby making it well suited for rapid preliminary 

assessment of large-scale pressurization effects at basin-scale (Cihan et al. 2025). Fault segments 

that are identified as potentially prone to activation are then further investigated by project-scale 
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coupled hydromechanical fault rupture simulations with the boundary and initial conditions extracted 

from the coarse-scale simulations.  

We illustrate the poroelastic simulations using a synthetic basin benchmark model shown in    

Fig. 1aïc. The model is based on the local geology in the San Francisco Bay Area and some scaling 

relationships between the fault parameters, such as throw, length, spacing. This purely hypothetical 

study allows us to test optimizing the computational parameters as well as quantifying the impact of 

various physical effects, such as two-phase flow versus single-phase injections, boundary condi-

tions, hydraulic connectivity to the basement, and the injection schedules for different projects. We 

find that some fault segments become critically stressed for a scenario with constant injection vol-

umes and simultaneous injection start of five CO2 storage projects (Fig. 1d). We analyze the potential 

for the failure of this fault in the next section, per physics-based fault activation simulations.  

 

Fig. 1. Poroelastic large-scale simulations using a synthetic model, LBNL-basin. The in-plane view of the basin 
(a) shows five hypothetical storage projects along with three types of normal faults (black, red, and green solid 
lines) with varying orientations (b) and vertical offset (c). The pressure increase (d) critically stressed the lower 
segment of the most western fault (red rectangle). 

 

Once confirmed per detailed hydromechanical fault modeling whether faults in the basin will indeed 

exhibit activation and seismicity, we can go back to the basin-scale modeling framework to investi-

gate basin-scale capacity impacts and risks. Fig. 2 shows results from such investigation: We com-

pare the regional CO2 storage capacity for a basin without any faults (e.g., capacity is limited only by 

caprock fracturing pressure), then for a basin where laterally impermeable faults are present which 

leads to local compartmentalization, and finally for a basin where CO2 injection needs to be reduced 

to avoid fault failure across the region. For the example given here, the total capacity of the latter 

case is about 75% of the capacity first case. 

3 Advanced physics -based simulations of fault  rupture at the project scale  

At the project scale, we use the TOUGH-FLAC simulator to capture the reactivation of one of the 

faults that was highlighted as possible failing in the basin-scale simulations (Fig. 3). The model do-

main comprises three sedimentary layers including a 200 m thick storage reservoir, an overlying 

400 m thick caprock, and a deep 800 m crystalline basement. The pre-existing curved fault zone 

intersects the model with dimensions of 5 km × 5 km × 1.4 km in the x, y, and z directions, respec-

tively. The fault zone is modeled as an interface (core) with a 20 m thick damage zone. Supercritical 

CO2 is injected for 20 years at a rate of 25 kg/s at an injection well that is 450 m from the curved 

fault. 
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Fig. 2. Basin-scale storage capacity for three cases: (1) Capacity limited by caprock fracturing pressure, (2) 
Capacity limited by fracturing pressure and compartmentalization, and (3) Capacity limited by fault failure. 

 

Fig. 3. Fault model geometry and calculation control points. (a) ñRealisticò fault zone concept (from 
http://geologylearn.blogspot.com/2017/06/). (b) Fault modeled as an interface with damage zone in this study. 
(c) CO2 injection into a system of caprock-reservoir-basement embedded with a curved and 60° dipping fault 
(white zone). (d) View of the fault interface with the location of the calculation control points (1ï6). (e) View of 
the distance between injection location and fault. 

 

We conduct two sets of simulations, the difference being the criterion used for fault rupture (Cao et 

al. 2025): (1) The Mohr-Coulomb (MC) model applies a stress criterion to detect the failure state of 

a point on the fault by checking if the shear stress „-vs-effective normal stress „ is on the criterion 

line with the slope equal to the friction coefficient ‘. (2) The Modified Cam-Clay (MCC) model uses 

an ellipsoid stress criterion, which in contrast to MC depends on all three principal stresses since it 

is expressed as a function of the effective mean stress (p) and the deviatoric stress (q).  

To illustrate what kind of results can be obtained by the project-scale fault rupture models, we show 

in Fig. 4 the fault rupture characteristics for the two failure criteria (MC and MCC) and two different 

http://geologylearn.blogspot.com/2017/06/)
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stress states, with Shmax denoting the maximum horizontal stress. The top images visualize the 

fault rupture patches projected on the fault plane where it intersects with the caprock, reservoir 

(lighter grey) and basement. The bottom image shows the number of induced ruptures as a function 

of time. Increasing the in-situ maximum horizontal stress shows no obvious difference in either the 

spatial distribution (Fig. 4a and 4c) or the evolution of the number (orange and purple lines in Fig. 4e) 

of induced ruptures that are defined by MC failure criterion. These ruptures occur in the reservoir 

segment of the fault and in the top of the underlying basement. When using the MCC criterion, a 

lower Shmax not only extends the spatial distribution of induced fault rupture in the top of the base-

ment but also triggers rupture in the bottom of the basement segment of the fault (Fig. 4b), leading 

to a significant increase in the number of induced ruptures (green line in Fig. 4e).  
 

 

Fig. 4. Plastic rupture on the Mohr-Coulomb and Modified Cam-Clay faults for low maximum horizontal stress 
(Shmax) (aïb) and high Shmax (cïd) at 20 years of injection. (e) shows the comparison of the number of 
induced ruptures (i.e. number of failed numerical grid-zones).  

4 Summary  

We present a workflow for simulation-driven assessment of risks of induced seismicity and fault 

leakage potentially caused by basin-scale CO2 storage. The workflow starts with simplified poroe-

lastic flow simulations to detect potentially critically stressed faults, then zooms in on the detailed 

hydromechanical rupture behavior of these faults with advanced coupled hydromechanical simula-

tions. We propose this workflow as a practical strategy for multi-scale simulation of both slow and 

seismogenic slip on faults as well as estimation of the resultant magnitude.  
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1 Introduction  

Caprock integrity is one of the fundamental requests that must be evaluated to ensure the long-term 

safety of a COϜ storage site. Although it can be preliminarily evaluated during the screening phase 

using estimated in-situ stress conditions to define a threshold for injection pressure, this approach is 

not sufficient for advanced project stages. At these stages, caprock strength must be assessed along 

the actual stress path and account for non-isothermal effects associated with injection of supercritical 

CO2 being colder than the reservoir. The thermal effects of the injection depend on the caprock-

reservoir properties and their contrast, and could significantly impact the evaluation of caprock in-

tegrity (Vilarassa et al. 2014; Li & Laloui 2017a). Numerical models that capture the full thermo-

hydro-mechanical (THM) processes become essential for evaluating site suitability. 

The aim of this study is to demonstrate how a combination of 2D and 3D THM modeling enables an 

integrated evaluation of site suitability. The numerical approach was implemented through dedicated 

routines within the commercial finite element code Abaqus, to perform non-isothermal multiphase 

flow analysis coupled with geomechanics. 

A case study is presented which involved the comparison of two potential storage sites in carbonate 

formations. The analysis addressed site injectivity, storage capacity, containment and caprock in-

tegrity, illustrating the value of the modelling workflow. 

2 Numerical approach  

The conceptual and mathematical approach is based on the works of Li & Laloui (2016, 2017b). The 

materials involved in the problem are porous media, which are treated as an overlapping mixture of 

a solid matrix, water, and COϜ phases according to the compositional approach. The code solves 

the mass conservation equations for water and COϜ, the energy balance equation and the momen-

tum equation, from which the displacement of solid matrix, water pressure, COϜ pressure and tem-

perature are respectively obtained.  

The balance equations of momentum, energy and mass conservation are formulated considering 

the contribution from each phase. The primary variables considered to govern the problem are dis-

placements, water pressure, as well as COϜ pressure and temperature. To derive the evolution of 

primary variables, the balance equations are completed with constitutive relationships that establish 

coupling between various physical processes, as depicted in Fig. 1. Capillary relationship is ex-

pressed by a van Genuchten model and relative permeability by Brooks and Corey, nevertheless 

both can be adapted if site-specific experimental data is available.  

The computer code used to perform the simulations has been implemented within the Simulia 

Abaqus finite element environment (Smith 2014), using the option of user-defined elements. 
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Fig. 1. Scheme of various physical couplings considered in the model formulation. 

3 Example of application  

A practical application is presented in which the formulation was used to discriminate between two 

candidate sites with an aerial extent of about 300 and 500 km2 located in saline aquifers in carbonate 

formations overlain by a thick shale caprock. Both sites had passed a pre-screening phase based 

on geological and petrophysical criteria. The comparative evaluation focused on COϜ injectivity, lim-

ited by areal plume extent and migration, and caprock integrity. The latter was assessed by analyzing 

the stress path during both injection and post-closure phases, ensuring that the stress state re-

mained in the elastic regime. An injection period of 20 years was considered, and a timeline of 1ô000 

years was established to analyze the plume migration post-closure. 

Based on an extensive subsurface dataset, including multiple boreholes per site, a series of static 

models were constructed. Preliminary analyses with dynamic modelling used 2D axisymmetric ge-

ometries calibrated to individual borehole logs, providing an initial understanding of site performance 

as well as the expected injectivity and containment characteristics of the different geological facies. 

These axisymmetric models were used to perform sensitivity analysis, study the effects of different 

boundary conditions, such as undetected faults, and informed about the most promising injection 

strategies to be studied in 3D models. In addition, a number of low-permeability layers were identi-

fied, acting as baffles that could restrict the upward migration of COϜ. 

The full 3D models covered up to 10x10 km area and extended from ~1000 to 2000 m depth, en-

compassing five formations (Fig. 2). The carbonate formations exhibited several facies with con-

trasting porosity and permeability, which varied up to 3 orders of magnitude in terms of permeability. 

This variation was deemed to be less determinant for mechanical stiffness and a single set of elastic 

parameters for each formation was implemented. To improve predictions of storage capacity and 

injectivity, geostatistical interpolation was applied to define layer thickness as a function of these 

properties.  

Fig. 3 shows the stress state after one year of continuous injection (corresponding to the most critical 

moment for caprock strength) at constant bottom-hole pressure. Three material layers are analyzed, 

the caprock, the target injection unit (belonging to high porosity facies in the reservoir), and the 

underlying unit. The reservoir unit was 2 times stiffer than the caprock. In this case the most critical 

zone was confined within the injection unit and the surrounding layers at the beginning of the injection 

period, as a result of high thermal gradients. The caprock experienced only small stress changes, 

and the stress state remained sufficiently far from the assumed failure envelope. In this case, the 

stress margin obtained without the consideration of thermal effects was higher than that obtained 

with the fully-coupled model. 
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Fig. 2. Top: finite element mesh of one of the models employed for the case study (area 10x10km2 and 1km 
depth), displaying different facies differentiated by color scale. Bottom: Extension of the CO2 plume at the end 
of the injection period. 

 

Fig. 3. Stress state after one year of injection. Left: caprock, middle: store unit, right: underlying unit. The 
approximate enveloppe for the caprock is shown as a reference. 

4 Conclusions  

The presented THM modeling workflow enables a holistic assessment of the key requirements for 

COϜ storage sites: capacity, injectivity, containment, and caprock integrity. By integrating these fac-

tors, the approach provides a robust basis for site selection. Notably, accounting for thermal effects 

substantially improved the accuracy of predicted stress changes in the caprock, directly influencing 

the evaluation of strength reserve and sealing integrity. Overall, this methodology increases confi-

dence in the long-term prediction of COϜ storage sites and supports more reliable decision-making 

during site selection. 
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1 About ECCSEL  

ECCSEL is the European research infrastructure for CO2 Capture, Utilisation, Transport and Storage 

(CCUS) and Carbon Dioxide Removal (CDR). The scope of ECCSEL was extended last year to 

include the research fields of subsurface energy storage for example of hydrogen, heat or com-

pressed air, subsurface CO2 storage as a feedstock as well as geothermal energy.  

Our vision is to enable net zero CO2 emissions from industry, power generation, and air to combat 

climate change (Fig. 1). To reach net-zero, CO2 avoidance technologies like subsurface energy stor-

age and geothermal energy are required to be deployed in addition to CCUS and CDR. 

 

 

 

Fig. 1. The path to Net Zero (ECCSEL). 

 
Fig. 2. ECCSEL in the knowledge triangle (ECCSEL). 

 
 

ECCSEL is a permanent, distributed, integrated research infrastructure encompassing interlinked 

transnational scientific facilities and national nodes. The goal is to enhance European science, tech-

nology development and innovation.  

A single -point open access research infrastructure serving the entire CCUS and CDR value 

chain as well as subsurface energy storage and geothermal energy.  

The mission of ECCSEL is to provide open access to over 150 world class CCUS, CDR, subsurface 

energy storage and geothermal energy research facilities across Europe to support national strate-

gies and the EU Industrial Carbon Management Strategy. The research infrastructure works with 

relevant industry, academia and research communities to determine their research infrastructure 

needs to enable at-scale deployment of CCUS, CDR, subsurface energy storage and geothermal 

energy in Europe, within TRL1ïTRL7 (Fig. 2). 
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2 ECCSEL regional scope expansion  

 

Fig. 3. Current ECCSEL ERIC member countries (ECCSEL). 

 

There are currently seven member countries which are part of the ECCSEL Research Infrastructure 

(RI). The five founding members are Norway  which is also hosting ECCSEL, France , Italy , the 

Netherlands  and the UK. Denmark  joined ECCSEL at the beginning of 2025 and Germany  joined 

mid-2025. Those seven countries bring together over 150 research facilities from 54 different re-

search facility owners into the ECCSEL RI (Fig. 3). 

Discussions about joining ECCSEL are ongoing with Switzerland , Poland, Belgium, Austria and 

several other European countries. Once a country joins, research facility owners from thar country 

will also have the opportunity to include their state-of-the-art research facilities into the ECCSEL RI. 

Each country has set up a national ECCSEL node acting as a national coordinator. 

3 ECCSEL scientific scope  

The ECCSEL scientific scope was recently extended from CCUS (CO2 capture, transport, utilisation 

and storage) and CDR (DAC, BECC) to also include subsurface energy storage (for example of 

hydrogen, heat or compressed air), subsurface CO2 storage as a feedstock as well as geothermal 

energy. As a result, ECCSEL is now focused on research in eight different areas related to the above-

described scope. In addition, ECCSEL enables investigating the integration of those areas into a 

complete value chain. The eight current focus areas are displayed and described as follows (Fig. 4):  



Caprock Integrity & Gas Storage Symposium, St-Ursanne, 27ï28 January 2026 #103 

Table of contents   CIGSS 2026 | 10 

 

Fig. 4. ECCSEL scientific scope (ECCSEL). 

 

¶ CO2 capture (fossil industry and industrial processes) 

¶ BECC (biogenic CO2 capture) 

¶ DAC (direct air capture of CO2) 

¶ CO2 transport and intermediate storage 

¶ Permanent storage of CO2 (onshore and offshore) 

¶ CO2 utilisation (for example for production of e-fuel, plastic and the construction industry) 

¶ Subsurface energy storage and feedstock (H2, heat, compressed air, CO2 as feedstock) 

¶ Geothermal energy (subsurface with focus on low- and high-enthalpy geothermal energy) 

 

Fig. 5. ECCSEL scientific scope (ECCSEL). 

 

In the scope of ñpermanent storage of CO2ò ECCSEL offers many research facilities ranging from 

lab-based facilities to field labs. Most of those are physical facilities but virtual facilities, simulations 

and digital twins are also available. In those facilities, research can be done relating a wide range of 

storage processes like pressure/injection, migration, caprock/well integrity, leakage mitigation/reme-

diation, micro-seismicity, reactivity/mineralisation, leakage, monitoring, static modelling, dynamic 

modelling, onshore, offshore and more. Examples of field labs and test sites (Fig. 6): 

   

Fig. 6. (Left) Svelvik CO2 field lab (SINTEF, Norway), (middle) PITOP borehole test site (OGS, Italy), (right) 
Fault lab (SOTACARBO, Italy). 
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4 ECCSEL value proposition  

ECCSEL offers comprehensive single-point open access to research and validation resources to 

accelerate development and industrialisation. This helps to  

¶ Reduce costs Ą make CCUS & CDR commercially feasible 

¶ De-risk investment Ą to ensure asset integrity 

¶ Support safe operation Ą to achieve societal acceptance  

 

The ECCSEL value proposition for different stakeholders: 

All stakeholders  

¶ Influence policy and research: Shape Europeôs CCUS, CDR and LCES future  

¶ Enhance collaboration: Strengthen national and international networks  

¶ Accelerate innovation: Speed up innovation cycles 

¶ Accelerate deployment of new technologies: Drive technology breakthroughs and market 

adoption 

National governments & ministries  

¶ Cost-effective infrastructure: No need to invest in standalone research facilities  

¶ Policy influence: Shape EU and national research and funding strategies  

¶ Boost national R&D: Strengthen competitiveness and attract top talent  

¶ Visibility: Increased awareness among ministries for national and international research fa-

cilities and capabilities  

Research institutes & universities  

¶ Open access to excellence: Utilise Europeôs leading and cutting-edge research infrastructure  

¶ Enhanced funding prospects: Higher success rates for EU and national research grants  

¶ Networking and collaboration: Partner with top researchers and industry experts  

Industry, SME & incubators  

¶ Fast-track innovation: Test, validate, optimise prototypes and new technologies up to TRL7  

¶ Lower R&D costs: Utilise existing research infrastructure instead of investing in new facilities  

¶ Build strategic partnerships: Collaborate with leading researchers & industry players  

Facility owners & managers  

¶ International collaboration: Connect with leading European researchers and industry players  

¶ Reduce costs and increase efficiency: Share best practices, expertise and utilise facilities  

¶ International recognition: Gain visibility in the European research landscape 

Reference s 

ECCSEL 2025. ECCSEL overview brochure. https://eccsel.eu/ 

ECCSEL 2025. ECCSEL value proposition. https://eccsel.eu/ 
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Abstract  

Underground hydrogen storage requires rigorous evaluation of caprock sealing capacity to prevent 

upward hydrogen (H2) migration under subsurface conditions. This study elucidates the H2 break-

through behavior in Opalinus Clay using both indirect (via mercury intrusion porosimetry) and direct 

(via core flooding) approaches on sandy and shaly cores obtained from the Mont Terri Underground 

Rock Laboratory. Porosimetry-derived capillary pressure-saturation relations yield H2 entry pres-

sures of 5.5 MPa for the sandy facies and 9.1 MPa for the shaly facies, reflecting narrower pore-

throat sizes and reduced connectivity in the clay-rich shaly facies compared to the quartz-rich sandy 

facies. A direct stepwise H2 injection test performed on the sandy facies yields an entry pressure of 

5.0ï5.5 MPa and breakthrough at 7.5ï8.0 MPa under the effective mean stress of P' = 11 MPa. The 

underestimation relative to the MIP-based prediction reflects the absence of effective stress in po-

rosimetry and uncertainty in capillary properties. In underground storage operations, H2 break-

through is expected along preferential flow paths in higher permeability inclusions, whereas in intact 

tight shaly facies the operational H2 overpressure should be limited by the mechanical failure to 

prevent exceeding the minimal principal stress. These findings provide critical input for upcoming H2 

injection experiments at the Mont Terri Underground Rock Laboratory and inform caprock integrity 

assessment for hydrogen storage. 

1 Introduction  

Subsurface storage systems comprise a porous reservoir capable of accommodating the injected 

medium (e.g., carbon dioxide - CO2 and natural gas) and an overlying tight caprock that prevents 

upward migration of the storage medium. In underground hydrogen storage (UHS), hydrogen (H2) is 

injected into the subsurface as an energy carrier to buffer fluctuating energy demand. H2 presents 

unique challenges due to its high mobility, which increases the risk of buoyancy-driven leakage rel-

ative to CO2 and natural gas (Heinemann et al. 2021). While the multiphase fluid (e.g., brine and 

hydrogen) flow characteristics in reservoir rocks have been actively explored, the sealing capacity 

of caprock against H2 migration remains insufficiently understood under subsurface conditions. 

Therefore, proper assessment of H2 sealing efficiency in caprock is critical for the long-term safety 

and reliability of UHS operations.  

The caprock sealing capacity is commonly characterized by the capillary entry pressure (or the 

breakthrough pressure), defined as the maximum nonwetting fluid (here, H2) pressure that can be 

sustained before continuous flow is established through caprock formations. Porosimetry-based ap-

proaches (called indirect methods) have been used to estimate breakthrough pressures based on 

the differences in fluid-rock capillary properties. Although these methods provide efficient yet coarse 

estimates, their reliance on the assumed capillary parameters and the absence of in-situ stress rep-

resentation limit their applicability to generalized assessments (Kim et al. 2025). To address the gap, 

this study investigates the sealing capacity of heterogeneous Opalinus Clay (OPA), where the H2 

breakthrough pressure is directly measured via stepwise injection tests and compared with pore-

structure based predictions. This comparison quantifies discrepancy between the two approaches 

and provides insights into the reliability of caprock performance assessment for UHS applications. 
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2 Material and methods  

2.1 Material 

Opalinus Clay, a Jurassic shale, is investigated in this study, with both sandy and shaly facies se-

lected as representative caprock materials. The tested cores are obtained from the Mont Terri Un-

derground Rock Laboratory in Switzerland, with the sandy facies containing 30ï40% clay minerals 

and 40ï50% quartz with laminated and lenticular bedding, yielding intrinsic permeability (k) on the 

order of 10-20 m2, whereas the shaly facies are composed of more than 50% clay minerals, 10ï30% 

quartz, and less than 10% carbonates, resulting in k ~10-21 m2 (Lauper et al. 2018; Kim et al. 2025).  

2.2 Methods 

Both indirect and direct approaches are employed to evaluate H2 sealing potential of Opalinus Clay. 

Mercury intrusion porosimetry (MIP) characterizes the pore size distribution and provides preliminary 

estimates of the breakthrough pressure. Direct H2 breakthrough pressure tests are performed on the 

sandy facies in a core-flooding system under mean stress P = 20 MPa and pore pressure pf = 9 MPa. 

The specimen is fully saturated by back-pressure saturation technique, and the permeability k of 

sandy OPA is measured as 0.8 × 10-20 m2, falling within the typical range for low-permeability caprock 

formations (Busch et al. 2008). H2 is injected from the upstream side using a high-accuracy syringe 

pump (Teledyne ISCO 65X, USA). The differential fluid pressure ȹpf between the upstream and 

downstream sides increases from initially 2 MPa with a 0.5 MPa interval until H2 breakthrough occurs. 

Each pressure step is maintained for more than two days to ensure pore pressure equilibration within 

the specimen. 

3 Results and discussions  

3.1 Indirect estimation on H2 breakthrough pressure 

Fig. 1a presents an SEM image of sandy OPA, with a schematic illustration highlighting how contin-

uous HϜ flow pathways may be established once the breakthrough occurs. Fig. 1b shows the capil-

lary pressure (Ɋ) ï saturation curves for H2 obtained from the MIP. 

  

Fig. 1. (a) SEM image of sandy OPA with schematic illustration of H2 flow through a fully saturated sample; (b) 
H2 capillary pressureïsaturation curves of sandy and shaly OPA derived from the MIP results. 

 

Water saturation (Sw) is evaluated from the volume of mercury vapor (wetting fluid), and the applied 

mercury injection pressure (ɊHg) is converted to capillary pressure for H2 (ɊH2) according to Eq. (1): 
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where ɔHg is the interfacial tension between mercury and its vapor of 0.48 Nm-1 and ɗHg is the contact 

angle between mercury, vapor, and the solid surface of 140°. The capillary properties of H2 are 

adopted for the experimental conditions of pf = 9 MPa and temperature = 22°C: ɔH2 = 0.072 Nm-1 and 

ɗH2 = 11° (Ali et al. 2022; Iglauer et al. 2021).  

Based on the unsaturated soil mechanics approach (Fredlund 2006), the entry pressure is identified 

graphically by extending the tangent from the steepest slope of the curve toward the saturation plat-

eau, which corresponds to the inflection marking the onset of the transition zone. The entry pressure 

is calculated to be 5.5 MPa for the sandy facies and 9.1 MPa for the shaly facies (å 1.7 times higher 

than that of the sandy facies). The difference in 40% between the facies arises from reduced pore 

connectivity and narrower pore throats in the shaly facies, which strongly decrease the fluid flow and 

lead to an order of magnitude lower permeability (Keller et al. 2013). 

3.2 H2 breakthrough pressure from direct measurements 

Fig. 2 displays the upstream volume, upstream flow rate, and differential fluid pressure during the 

stepwise H2 breakthrough test on sandy OPA. A steep drop in H2 volume (marked with grey dashed 

lines) can be seen during the initial pressure build up for each loading step followed by a steady 

decrease due to the pore pressure diffusion. The flow rate is averaged over 6-hour intervals once 

transition effects associated with H2 compressibility have dissipated. Minor fluctuations in the 

upstream flow rate are observed, primarily attributable to temperature variations (±0.2°C) along with 

a constant inward H2 flow around 0.2 mm3/min. This behavior falls within the maximum seal leakage 

rate of the H2 injection pump (=0.25 mm³/min; dashed blue line in Fig. 2). 

 

Fig. 2. Differential H2 pressure, upstream H2 volume, and upstream H2 flow rate evolution during stepwise H2 
breakthrough test on sandy Opalinus Clay. The dash line represents the allowable seal leakage rate of the 
upstream hydrogen pump. 

 

A distinct increase in inflow rate is recorded at the differential pressure ȹpf = 5.0ï5.5 MPa, followed 

by a return to a stable inflow rate, suggesting invasion of the largest pores without development of a 

continuous flow pathway (i.e., the entry pressure). The apparent H2 breakthrough occurs at ȹpf = 

7.5ï8.0 MPa, corresponding to a constant flow that develops further with increase in ȹpf. These 
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observations indicate that the MIP-based approach underestimates the breakthrough pressure in 

sandy OPA by approximately 2.0ï2.5 MPa (20ï30%) and should be regarded as a lower-bound 

under in-situ confinement. A similar trend has been reported for CO2 breakthrough in the same 

material, where the entry pressure was predicted to be around 1.5 MPa whereas the apparent 

breakthrough occurred at 2ï4 MPa under the effective mean stresses of 8ï9 MPa. This reflects the 

inherent uncertainty in the indirect method that neglects effective confinement and fluid-rock 

interactions (Kim et al. 2025). These findings emphasize the importance of direct measurements for 

reliable caprock sealing assessment, as even a few MPa underestimation can lead to a substantial 

overprediction of the sealing capacity.  

Extrapolating the sandy-facies results, the shaly facies are expected to have a breakthrough pres-

sure exceeding the indirect estimate of 9.1 MPa where H2 injection tests are needed for the validation. 

In UHS operations, the breakthrough is likely to be localized along preferential flow paths within 

higher-permeability layers in heterogeneous sandy facies, while in the intact shaly facies the opera-

tional H2 overpressure should be bound by the mechanical failure threshold (e.g., hydraulic fracturing 

by exceeding the minimum principal stress) rather than the capillary limit (Kim et al. 2025). 

4 Conclusions  

This study investigates the H2 sealing capacity of sandy and shaly OPA using complementary indi-

rect and direct approaches. The porosimetry measurements yield entry pressures of 5.5 MPa for the 

sandy facies and 9.1 MPa for the shaly facies, whereas direct stepwise core-flooding tests performed 

on the sandy facies demonstrate H2 breakthrough at 7.5ï8.0 MPa. Under in-situ conditions, the 2.0ï

2.5 MPa deviation (20ï30%) shows that the MIP-derived capillary entry pressure can present a lower 

bound for the breakthrough, offering baseline input for caprock evaluation and informing H2 injection 

design of forthcoming experiments at the Mont Terri Underground Rock Laboratory.  
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Abstract  

The conversion of CO2 into carbonate rock, a process referred to as CO2 mineralization or mineral 

trapping, can significantly contribute to the security of long-term storage in geological CO2 seques-

tration. However, this process is highly dependent on geochemical and physical properties of the 

storage site (rock type and availability of divalent cations, temperature, pressure, and pH) and is 

typically very slow, taking place on the order of hundreds to thousands of years. To accelerate this 

process, we recently launched a project at Eawag to investigate the use of bacteria for CO2 bio-

mineralization in geological CO2 storage. Several bacterial species can biomineralize CO2 through 

diverse metabolic processes, such as iron or sulfate reduction, denitrification, urea hydrolysis, or 

conversion of CO2 to bicarbonate. However, a major challenge lies in the capacity of bacteria to 

survive and remain metabolically active under the extreme conditions of underground CO2 storage, 

including high hydrostatic pressures, high temperatures, potentially extreme pH and salinity, high 

CO2 concentrations, and lack of oxygen. To study the behavior of different bacteria under these 

conditions, we have set up a high-pressure, temperature-controlled microfluidic system. This system 

can maintain pressure up to 100 bar while allowing simultaneous injection of bacteria, aqueous me-

dia, and supercritical CO2, and enables real-time and continuous observation by microscopy. Fur-

thermore, we will use microfluidic micromodels made of Swiss rock samples (including dolostone 

from the Weiach borehole and molasse sandstone from the ARTS borehole at Eawag/EMPA) to 

closely mimic the geologic conditions found in potential Swiss CO2 storage sites. The extent of CO2 

biomineralization on these micromodels will be determined using micro-X-ray fluorescence spec-

trometry and interferometry. In addition to studying known biomineralizing bacteria, this system will 

allow us to assess whether naturally occurring bacterial strains isolated from underground geological 

storage sites partake in CO2 biomineralization. In summary, this project will reveal which bacterial 

strains and metabolic processes may be most suited to enhance CO2 biomineralization in Swiss 

geological CO2 storage sites, thereby contributing to safe and long-term CO2 underground storage. 

1 Background: CCS and microbially induced carbonate precipitation (MICP)  

A major problem and public concern of carbon capture and storage (CCS) projects is the potential 

leakage of CO2 back to the surface. Conversion of CO2 into carbonate rocks through mineralization 

can help to prevent this problem, both through the stable, non-gaseous nature of carbonate minerals 

and through the blockage of potential leakage pathways to the surface by carbonate mineral precip-

itates. While mineralization can proceed within a few years in highly reactive rocks such as basalt, it 

typically unfolds over much longer timescales in most geological settings, limiting its short-term ef-

fectiveness (Snæbjörnsdóttir et al. 2020; Gadikota 2021; Kirk et al. 2016).  

2 Research questions  

Considering the urgent need to find technical solutions to the CO2 problem, the project presented 

here was started at Eawag in April 2025 and presents an entirely new research direction within the 

institute. By addressing the research questions listed below and by establishing the required tech-

nical and experimental expertise and equipment, we hope to contribute tangible microbial solutions 

mailto:oliver.brandenberg@eawag.ch
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to underground CO2 storage in Switzerland in the years to come. Specifically, we aim to address the 

following technical and scientific questions: 

Technical question 1:  

What is the best microfluidic setup that, in combination with microscopy, enables the study of CO2 

biomineralization under in situ conditions? 

To study microbial biomineralization, we will use microfluidics coupled to time-lapse microscopy, 

enabling us to study bacterial behavior under different fluid flow scenarios (Morais et al. 2020; 

Jimenez-Martinez et al. 2020). This system will be able to maintain high pressures (up to 100 bar, 

equivalent to a hydrostatic depth of 1000 m) and elevated temperatures. It will be safely operable in 

a standard laboratory and allow continuous measurements over periods of several days to weeks, 

allowing us to reproducibly simulate underground conditions in the laboratory (Fig. 1) (Foustoukos & 

Houghton 2025; Morais et al. 2024).  

Technical question 2:   

How can we incorporate geomaterial micromodels into our microfluidic system? 

As microfluidic chips, we plan to use actual rock samples (geomaterial micromodels) from potential 

Swiss CO2 storage sites (Jimenez-Martinez et al. 2020). We are currently establishing the technol-

ogy to produce these geomaterial microfluidic chips at Eawag ð this includes machinery to cut and 

polish rock samples, and a laser to etch microfluidic structures onto the rock chips (Fig. 2). 

Scientific question 1:  

Which CO2 biomineralizing bacteria best withstand the harsh conditions in underground CO2 storage 

reservoirs? 

Several bacterial species are capable of CO2 biomineralization (Jimenez-Martinez et al. 2022; Zhang 

et al. 2023; Ojha et al. 2025). A key question we will address in this research project is which species 

are best suited to withstand (and thrive) under the harsh conditions found in underground storage 

reservoirs, including high pressure, high temperature, lack of oxygen, and extreme chemical envi-

ronments with regard to pH and salinity. We have selected a first test set of bacterial strains, con-

sisting of six species available through international repositories, which were described to tolerate 

high-pressure environments, temperatures up to 50°C, anoxic environments, and possess CO2 bio-

mineralization capacity. This initial bacterial test set may be expanded further in the future, including 

bacterial strains isolated from the Swiss underground potentially capable of in situ CO2 biominerali-

zation. 

Scientific question 2:  

Which CO2 biomineralizing pathways are most efficient in underground storage conditions? 

Along with different bacterial species, different metabolic pathways exist that result in CO2 biominer-

alization ï this includes carbonic anhydrase overexpression, ureolysis, denitrification, or iron and 

sulfate reduction (Villa et al. 2023; Ni et al. 2023). Once we unveil which bacteria best withstand 

underground storage conditions (scientific question 1), we will address which of these bacteria and 

their associated metabolic pathways are most efficient in performing CO2 biomineralization under 

simulated underground conditions. 
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Scientific question 3:  

How do CO2 injection strategies and microbial behavior influence CO2 biomineralization? 

The combination of microfluidics with geomaterial micromodels will allow us to study many different 

CO2 storage scenarios (e.g., CO2 injection in its supercritical state versus dissolved in water, different 

flow rates, chemical composition of the aqueous medium, and different host rocks). At the same 

time, we can study microbial behavior, such as biofilm formation or chemotaxis towards or away 

from CO2. In combination, this will allow us to deduce optimal conditions and strategies to enhance 

underground CO2 biomineralization. The environmental impact and potential safety aspects of bac-

terial processes in deep aquifers will also be assessed. 

3 Experimental approach  

3.1 Establishment of a high-pressure microfluidic system 

We established a high-pressure microfluidic system that will allow us to study bacteria at pressures 

up to 100 bar (Fig. 1). This pressure is sufficient (together with temperature above 31°C) to study 

CO2 in its supercritical state. We are using a high-pressure pump and syringe as well as a pressure 

sensor from Cetoni, together with high-pressure microfluidic chips and casing from Micronit. The 

backpressure regulator is from Vici-Jour. All components are connected by PEEK tubing and 

Swagelock fittings. Imaging is achieved by a computer-controlled Nikon microscope. The Cetoni 

pump, in combination with the 5 mL syringe, allows very low flow rates (down to nL/s), enabling 

continuous microfluidic experiments over several days. 

 

Fig. 1. Overview of the high-pressure microfluidic microscopy setup. 

 

3.2  Manufacturing rock microfluidic chips 

We are currently also working towards creating our own microfluidic chips from rock samples from 

geological sites that are under consideration for underground CO2 storage (Fig. 2). Using such rocks 

for our microfluidic setup will enable us to draw conclusions on which bacteria perform biominerali-

zation best under the exact geological conditions considered for CO2 storage. 

Bore cores or other rock samples will be cut to size, and the chip surface will be polished to a 

smoothness of a few micrometers. Next, the channel design will be etched into the chip surface with 

a laser, and inlet and outlet holes will be drilled into the chip. The rock chip will then be encased by 

a Teflon sealing film and glass plates, and the entire package will be sealed with a high-pressure 

resistant resin. 
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Fig. 2. Manufacturing of rock microfluidic chips. The chip shown on the right stems from a previous project and 
is shown as an example (Jimenez-Martinez et al. 2020). The exact design of the chips, aiming to mimic a 
natural pore network, is currently being elaborated. This setup will also allow us to test different chip designs, 
mimicking different rock porous networks, and the resulting influence on CO2 biomineralization. 
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1 Introduction  

Geological CO2 storage (GCS) is a promising technology to achieve the stringent climate goals for 

a meaningful reduction of carbon emissions (IPCC 2021). Even though the momentum of GCS has 

been growing since the last decade, large scale CO2 storage sites are limited around the globe. 

Representative upscaling remains a major drawback for wide implementation of GCS projects. 

Cross-validation between predictions from numerical simulations and monitoring data is the basis on 

which upscaling numerical techniques are assessed (Akber & Jiang 2012). Existing simulation mod-

els are subject to considerable uncertainties, resulting both from uncertainties in data interpretation, 

observation window and sparse datasets. Inevitably, it is necessary that more efforts are devoted to 

the experimental and monitoring aspects of long-term CO2 storage (Ajayi et al. 2019). There has 

been significant progress in experimental data collection in the lab (nm to cm) related to both geo-

mechanical response and chemical interactions during exposure to CO2-rich fluids. In parallel, an 

effort to upscale to field scale experiments is made (Zaponne et al. 2021), however analysis of the 

acquired data is not easy due to the significantly larger time scales on which the different Thermo-

Hydro-Chemo-Mechanical (THCM) processes manifest (in the range of years). The link between the 

lab and the field is a major contemporary challenge for the development of robust GCS models.  

In this work, we present a novel approach that aims to bridge the lab-to-field gap by introducing an 

intermediate scale GCS testbed in the lab. 

2 Materials and methods  

A metre-scale physical model of the entire reservoir/caprock system is designed to reproduce field 

representative hydromechanical conditions (stress and pressure), as well as, to enable high resolu-

tion measurements while taking into account spatial variability and distribution. The experimental 

setup consists of a cylindrical cell in which three horizontal layers are cast from bottom to top, to 

simulate the reservoir, caprock and overburden: cemented sand, recompacted crushed Opalinus 

Clay (OPA) of sandy facies (dmax = 4 mm) and slurry, respectively. The layout of the experimental 

and monitoring setup is presented in Fig. 1. The designed device is a large-scale oedometer that 

can host a cylindrical sample with diameter, d = 1000 m, and maximum height, h = 550 mm. The 

device is designed to sustain 200 bar vertical stress and up to 100 bar fluid pressure. Pore pressure 

is controlled at two points in each geological layer as shown in Fig. 1. 

The experimental campaign will take place in three phases: i) installation, consolidation and resatu-

ration of the geological layers, ii) CO2 injection under constant flow rate, and iii) post injection moni-

toring. The hydromechanical behaviour of the system during the different phases is monitored with 

distributed fibre optic sensors and pore pressure transducers embedded directly in the different ge-

omaterials. 

To reproduce field conditions, compaction and resaturation of all layers is progressively performed 

from the bottom using a movable rigid metallic plate. The entire system is consolidated to a target 

total stress equal to 18 MPa, followed by full water saturation under constant effective stress. Once 

the system reaches hydromechanical equilibrium, injection of gaseous CO2 is performed at a tar-

geted initial pore pressure å 2 MPa. CO2 injection takes place in the centre of the cell at a depth 
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within the reservoir layer and under constant flow rate, targeting a total volume equal to 50% of the 

reservoir's total pore space.  

 

Fig. 1. 3D representation (not to scale) of the metre-scale testing setup illustrating the distribution of the three 
geological layers and the monitoring layout. 

 

The experimental campaign is designed based on numerical modelling of the entire system (Sci-

andra et al. 2026) that considers the hydromechanical properties of the employed geomaterials pre-

viously assessed in the lab (Stavropoulou et al. 2026). The metre-scale campaign aims to better 

understand problems related to stress modification in space due to CO2 overpressure propagation 

and distribution, the long-term sealing capacity of the caprock and the impact of interaction between 

the different geomaterials. Eventual CO2 migration through the caprock (advection and/or diffusion) 

towards the surface will be additionally evaluated with fluid sampling and dissolved gas analysis. 

3 Results  

The preparation of the used geomaterials has been established in the lab and their main hydrome-

chanical properties have been acquired. The void ratio evolution of the reservoir and caprock mate-

rials with the applied axial effective stress is shown in Fig. 2a. The final void ratio of the caprock was 

measured nearly half compared to that of the reservoir. The final void ratio of the crushed OPA is 

comparable to that of intact OPA from Favero et al. (2016), at similar levels of effective stress 

(18 MPa), suggesting good reproduction of the micro-space in the synthetic caprock material. Note 

that the compared intact and recompacted OPA are of different facies, thus, slightly higher void ratio 

values are further expected in sandy-rich material compared to shaly-rich (Kim et al. 2025). 

High porosity and permeability were measured for the reservoir material (Fig. 2b), with values rele-

vant to natural reservoir materials such as sandstones (Piane & Sarout 2016). In the case of the 

caprock material, of particular importance is the sealing capacity. The preliminary results showed 

low permeability values (in the order of 10-19 m2) and high CO2 breakthrough pressure (1 2 MPa), 

comparable to those of a natural caprock (Stavropoulou & Laloui 2022). 
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Fig. 2. (a) void ratio evolution with effective stress, and (b) hydraulic properties of recompacted geomaterials. 

 

Based on the acquired experimental results, the metre-scale campaign has been designed with nu-

merical simulations using a fully coupled FE hydromechanical model. Numerical modelling aims to 

evaluate reproduction of boundary conditions relevant to the field and optimise the duration of the 

campaign. Water saturation is performed from bottom to top with the application of a 3 MPa hydraulic 

gradient (Fig. 3). The results suggest an optimised 2-month duration for compaction and water sat-

uration of the entire system (reservoir and caprock) before CO2 injection. After full water saturation, 

a constant pore pressure equal to 2 MPa is applied homogeneously. Simulations of gaseous CO2 

injection at constant rate 2 ml/min revealed that at this scale CO2 propagation is dominated by diffu-

sion phenomena. The short- and long-term sealing response of the caprock is developed in more 

detail in Sciandra et al. (2026). 

 

Fig. 3. Liquid saturation after 26h of water saturation. 

4 Conclusions and perspectives  

An original metre-scale physical model has been designed to study the hydromechanical processes 

in geological storage of CO2. The setup considers the entire reservoir/caprock system and targets 

CO2 injection under conditions similar to the field. Lab-scale results showed that the hydromechani-

cal properties of the used recompacted Opalinus Clay and cemented sand are comparable to natural 

caprock and reservoir materials, respectively. Numerical modelling of the metre-scale compaction 
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and resaturation phase suggested a minimum 2-month duration for the given applied hydraulic gra-

dient. CO2 injection under constant rate suggested CO2 migration only by means of diffusion.  

Potential CO2 migration by means of advection may occur experimentally during the upcoming me-

tre-scale campaign due to possible local heterogeneity of the geomaterials (here more likely associ-

ated with sample preparation) that is less likely to be encountered in small samples in the lab and 

which is currently not taken into account in the numerical simulations. The CO2 diffusion rate and 

eventual breakthrough will be assessed at different points in the caprock and the overburden layer 

and compared to lab-scale results to better address the impact of upscaling on the sealing perfor-

mance of the caprock material. This intermediate scale aims to serve as a precious validation step 

for representative upscaling to the field. 
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1 Introduction  

Experimental characterization of fault rock related to underground storage projects is challenging. 

The faults are mostly avoided during drilling and coring, implying that for most subsurface sites the 

faults are characterized based on seismic data and knowledge/samples from the host rock lithology. 

Although some commercial wells do penetrate fault structures, our main source of fault rock samples 

is from research wells specifically targeting fault zones and from fault outcrops serving as suitable 

analogues for subsurface faults. Even if research cores and outcrop analogues are available, there 

is still a need to optimize experimental procedures for these materials. What type of tests are best 

suited to study hydro-mechanical coupling of fault rock? What stress conditions should be used dur-

ing testing when analogue samples are used to inform subsurface conditions? 

2 Examples of fault zone locations and sampling  

As material from natural fault zones is often only loosely held together, coring and subsampling is 

typically very challenging. In the current evaluation of experimental test methodology for faulted 

rocks, we are sampling fault zone material from various locations covering outcrops and research 

drill cores (Fig. 1). Outcrop locations often have the advantage of displaying a larger part of the fault 

zone, and various facies within the fault zone in the exposed interval can therefore be systematically 

sampled. However, these materials are typically highly weathered and taking intact samples with 

suitable size and quality for mechanical testing is difficult. Drill cores generally give material of better 

quality from which test plugs of equally high quality can be prepared. However, challenges often 

arise associated with the drying of clay-rich materials and the effects of unloading which can lead to 

very fragile materials which fall apart during preparation of subsamples for mechanical testing. 

 

Fig. 1. Example of natural fault samples available for experimental work. A) Outcrop exposure of the Baza 
fault, Spain, showing a layered fault core with multiple smears and layers dragged along the fault slip plane 
(compass for scale, red dotted lines outline the zone, ongoing work). B) Core samples from shallow drilling in 
the Little Grand Wash fault zone in Utah, US, showing ca 1 meter of clay rich fault gouge between the footwall 
and hanging wall damage zone (Petrie et al. 2024). C) Scaly clay core sample from faulted Opalinus Clay, 
Mont Terri research laboratory, BFS-B15 (ongoing work). 
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3 Experimental devices  

Currently we are evaluating the results of a series of new and innovative approaches to characterize 

fault zone material in the laboratory. The experimental devices to be used during testing of fault zone 

materials depend on the type of measurement to be done. Our recent testing of natural fault rock 

samples has focused on measuring strength, stiffness, friction, acoustic potential and permeability. 

An overview of measurements, sample types and experimental devices is provided in Tab. 1. Each 

experimental device has its pros and cons. Rock strength and stiffness (Youngôs Modulus) is best 

defined in a triaxial device whereas discontinuities (e.g., fractures and interfaces) are best charac-

terized using a direct shear device. Flow measurements can be included in both triaxial and direct 

shear devises, however, calculation of permeability becomes challenging for complex geometries 

and highly uncertain flow paths across heterogeneous samples (e.g., in the standard direct shear 

device). 

Tab. 1. Overview of recent experimental work on natural fault rock samples in the NGI laboratory 

Measurement   
focus  

Sample type  Experimental device  Reference  

Permeability Intact fault gouge Triaxial with inverted 
shear 

Skurtveit et al. (2025)  

Permeability and 
compaction 

Re-moulded natural fault gouge Oedometer Høe (2024) 

Permeability and 
normal stiffness 

Natural fractures from fault dam-
age zone 

Triaxial with hydro-
static loading 

Skurtveit et al. (2020) 

Friction Natural slip surface in shale Direct shear Bohloli et al. (2020) 
Friction Re-moulded mixture of natural 

cap-rock and sand 
Direct shear Silva et al. (2024) 

Strength Cemented damage zone host 
rock 

Unconfined compres-
sional strength (UCS) 

Petrie et al. (2024) 

4 Inverted shear testing  

A key challenge in the experimental characterization of fault rock materials is to better understand 

the hydro-mechanical coupling in fault zones and quantify fluid flow potential during reactivation of 

previously sealing faults. Hence, new experimental devices and methodologies need to focus on 

flow changes resulting from sample deformation during failure and shear along fault zone structures 

(e.g. Carey et al. 2015). An inverted shear device (Fig. 2D, E) is currently developed to be fitted 

inside a triaxial device. Compared to the standard direct shear test device (Fig. 3), saturation, and 

hydraulic gradients are easier applied to the sample and it allows for setting up a flow gradient pass-

ing through a central discontinuity from bottom to top of the test plug (Skurtveit et al. 2025). Strain 

sensors allow for detection of shear dilation or compaction during shearing and may be compared 

with variations in flow properties. Sample requirements for the current device are cylindrical plugs 

with a diameter of 38 mm, in lie with standards used for triaxial testing at NGI. Sample height is 

flexible but should be minimum 40 mm to allow for mounting two horizontal strain sensors. If a sam-

ple can be prepared with its existing discontinuity oriented vertically, the test device allows for ex-

ploring the properties of natural fractures. As naturally fractured fault samples suitable for plug prep-

aration may be difficult to get a hold of, an alternative is to make saw cut fractures and fill with various 

materials to mimic fault gouge materials (Fig. 2A, B, C). Procedures for this have been tested and 

show promising results. The equipment specification allows for 64 MPa cell pressure and 220 kN 

axial load. Displacement rates can be varied from very low and up to 0.1 mm/min. Still more testing 

is required to fully understand how this inverted shear setup compares to the standard direct shear 

testing. 
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Fig. 2. Inverted shear test device and sample preparation. A saw cut Bereal sandstone sample (136 mD) is 
filled with sand (A, B, C) to make a fractured sample with sand gouge. The fractured sample is prepared to fit 
in a triaxial device with inverted shear endcaps (D) and covered with a membrane to allow for a confining fluid 
pressure and mounting of horizontal deformation sensors (E) Inside the inverted shear setup, the flow and 
deformation along the gouge may be measured as a function of shear displacement in the gouge. 

 

Fig. 3. Schematic illustration of inverted shear device (a). Standard direct shear (b, c) and direct shear adapted 
for interface testing (d, e) after Silva et al. (2024). 

 

Fault rock samples available in our research are from shallow near surface wells and outcrops, 

whereas seal integrity evaluations in subsurface storage projects are mainly targeting depths of       

1ï3 km. The hydro-mechanical coupling of fault rock is highly stress depended as clearly demon-

strated for fault gouge (Skurtveit et al. 2025) and fractures (Skurtveit et al. 2020) suggesting that 

effective stress conditions for a test need to be adapted to how the test results will be applied. For 

low permeable fault rock material, like fault gouge and clay smear, pore pressure response to loading 
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is slow. High deformation rates may cause unevenly distributed increase in pore pressure and re-

duction and rotation in effective stress tensors during loading. Unwanted pore pressure disequilib-

rium may be limited by slow deformation rates. However, there is always a compromise between 

testing time and costs. From the current tests, it is still unclear how the loading rates and displace-

ment rates along slip surfaces influence the characterization of natural fault rock samples. 

5 Conclusions  

Learning from each test provides key ideas for planning new experiments. The test planning is clearly 

limited by available fault rock samples. However, we see that measuring flow and mechanical prop-

erties on a larger variety of fault rock samples provided us with a more robust understanding of fault 

properties and a database of value for further modelling and risk assessment. Our vision is to in-

crease the number of tests on natural fault rock samples and improve our ability to select suitable 

test protocols based on available material and knowledge needs.  
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1 Introduction  

Fault reactivation and induced seismicity are major concerns in subsurface engineering. They are 

driven by pore pressure, poroelastic stress, shear stress transfer, and frictional weakening, but their 

relative roles remain unclear. We develop a framework integrating multiphase flow, geomechanics, 

and dynamic fault slip, with four indices quantifying the contributions of different mechanisms. Sim-

ulations demonstrate its ability to capture coupled processes and inform seismic risk management 

in faulted systems. While the governing processes and the two-way coupling between multiphase 

flow and geomechanics are well established, the novelty of this study lies in how these mechanisms 

are quantitatively disentangled and compared in a unified framework. Instead of introducing new 

physical processes or a fundamentally new numerical scheme, we propose a set of four partitioning 

indices that decompose changes in Coulomb Failure Stress (CFS) into contributions from (i) pres-

sure buildup, (ii) poroelastic stressing, (iii) shear stress transfer, and (iv) frictional weakening. This 

mechanism-resolved representation allows us to track, in space and time, which processes are sta-

bilizing or destabilizing different fault segments during fluid injection. The framework is demonstrated 

on a synthetic but representative storage scenario, not as a site-calibrated prediction tool, but as a 

diagnostic and design-oriented approach that can later be combined with uncertainty analysis and 

data calibration in real-field applications. 

2 Methodology  

A two-phase flowïgeomechanics model captures fluid injection and fault/fracture deformation. Faults 

are represented by zero-thickness interfaces with slip-weakening friction and shear-induced dilation, 

which control aperture and permeability evolution. Equations are discretized using finite volumes 

(flow) and finite elements (mechanics). A fixed-stress split scheme sequentially solves flow and me-

chanics, with adaptive time stepping resolving processes from rapid rupture to long-term injection. 

Fault reactivation is quantified by CFS, decomposed into pore pressure, shear stress transfer, poro-

elastic stress, and frictional weakening: 
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3 Model setup  

A 2D model simulates COϜ injection into a porous reservoir intersected by a large-scale fault 

(Fig. 1a). The domain spans 2000 m laterally and 1000ï3000 m depth. The 100 m-thick target res-

ervoir is bounded by 150 m-thick caprocks and upper/basal aquifers. The main fault (80° dip, 1000 m 

length) is centered at 2000 m depth, 500 m from the injection well. COϜ is injected at 0.8 t/d/m. 

Boundary conditions: fixed overburden stress 20.91 MPa at top; horizontal stress at right boundary 

70% of vertical; fixed normal displacement at bottom and left. 

Rock and fluid properties: porosity 0.1 (reservoir/upper aquifer), 0.01 (basal aquifer/caprock); per-

meability 10 mD (reservoir), 1 mD (upper aquifer), 0.1 mD (basal aquifer), 10ϖ  mD (caprock); 

Youngôs modulus 10 GPa, Poissonôs ratio 0.25; rock density 2260 kg/mį. Fault and fracture apertures 

are 10 mm and 1 mm; initial stiffness 5 GPa/m and 50 GPa/m; permeability 10  mD (fault) and 4Ĭ10  

mD (fractures); friction coefficient decreases from 0.6 to 0.3 at 5 mm slip. Water density 1100 kg/m³, 

viscosity 1 mPa·s, compressibility 4.16×10ϖĭ  Paϖ¹. COϜ properties follow the PengïRobinson EOS 

(critical T = 304.7 K, P = 7.387 MPa). The above parameters are representative of typical COϜ se-

questration systems (Lama & Vutukuri 1978; Cappa & Rutqvist 2011; Rubino et al. 2017; 

Scholz 2019). 

 

Fig. 1. (a) Model setup for CO  injection into a reservoir bounded by caprocks and aquifers, intersected by a 
main fault with monitoring points #1 and #2. (b) Waterfall plot showing CFS evolution along the fault during 
injection. 

4 Results  

4.1 Mechanistic analysis of CO2 injection-induced reactivation on a single fault 

Fig. 1b shows CFS along the main fault, increasing faster in caprocks than aquifers, indicating higher 

reactivation potential in caprock segments. Figs. 2 and 3 quantify driving mechanisms: early fault 

instability is dominated by pressure buildup, while shear stress transfer and poroelastic stress initially 

suppress slip in the reservoir. In caprocks, slip is driven by combined effects of pressure, poroelastic 

stress, and shear transfer. Frictional weakening causes rapid stress drops, triggering cascading re-

activation. Spatially averaged metrics show pressure and poroelastic stress continuously drive reac-

tivation, whereas shear transfer and frictional weakening act intermittently. 
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Fig. 2. Temporal evolution of partitioning metrics ɝp, ɝŰ, ɝů, and ɝɛ along the main fault in the single-fault model. 
Positive values indicate destabilization, negative values indicate stabilization; distance is measured upward 
from the faultôs lower end. 

 

Fig. 3. Temporal evolution of spatially averaged partitioning metrics for pressure buildup, shear stress transfer, 
poroelastic stressing, and frictional weakening in the single-fault model. Gray areas indicate the range of ɝ 
along the fault. 

4.2 Modulation of reactivation mechanisms by secondary fracture network 

Figs. 4 and 5 show the temporal evolution and spatially averaged values of ɝp, ɝŰ, ɝů, and ɝɛ along the 

fault with secondary fractures. Compared to the single-fault case, pressure buildup weakens in later 

stages, while poroelastic stressing and shear stress transfer become more prominent after ~900 

days. These two mechanisms fluctuate more widely, reflecting enhanced pressure diffusion and 

stress redistribution caused by secondary fractures. 
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Fig. 4. Temporal evolution of ɝp, ɝŰ, ɝů, and ɝɛ along the main fault with secondary fractures. Positive values 
indicate destabilization, negative values indicate stabilization; distance is measured upward from the faultôs 
lower end. 

 

Fig. 5. Temporal evolution of spatially averaged  pɝ , Űɝ, ůɝ, and ɛɝ. Gray areas indicate the range of ɝ 

along the fault over time. 

5 Conclusions  

This study proposes a quantitative framework to disentangle the coupled mechanisms driving injec-

tion-induced fault reactivation. Tracking pressure buildup, poroelastic stressing, shear stress trans-

fer, and frictional weakening reveals their evolving roles during slip. In CO  sequestration, pressure 

and poroelastic effects drive initial reactivation, while shear transfer and weakening govern rupture 

propagation. Secondary fractures promote pressure relief and stress redistribution, enhancing vari-

ability. The framework unifies these processes and is broadly applicable to other subsurface opera-

tions, improving understanding and control of induced seismicity. 
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1 Introduction  

Geological CO  sequestration is a key strategy for large-scale carbon management, but fault reacti-

vation and injection-induced seismicity pose risks to long-term storage integrity. While previous stud-

ies have largely focused on single faults, the influence of surrounding secondary fracture networks 

remains poorly understood. Fractures can significantly modify local stress and fluid pathways, po-

tentially either delaying or promoting fault reactivation. To address this, we investigate how second-

ary fractures modify the timing of fault reactivation and the characteristics of induced seismicity dur-

ing CO  injection. We develop a quasi-dynamic coupled hydroΆmechanical model that integrates 

fault-fracture interactions using slipΆweakening and healing friction laws. Comparative 2D simula-

tions are performed to systematically assess the impact of fractures on pressure evolution, fault slip 

dynamics, and induced seismicity. Compared with existing studies, this work incorporates a multiΆ

scale fracture network, slipΆweakening/healing friction, and shearΆinduced dilation within a unified 

framework, and quantitatively elucidates the dual role of secondary fractures in modulating fault sta-

bility and the transition between seismic and aseismic slip. 

2 Mathematical model  

The model couples two-phase CO -water flow with geomechanics. Flow in the porous medium fol-

lows Darcyôs law, accounting for dynamic updates of permeability and porosity due to stress and 

deformation. The governing two-phase flow equations are: 
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Faults and fractures are represented as zero-thickness interfaces, governed by slip-weakening fric-

tion and shear-induced dilation. The evolution of the friction coefficient and fault aperture is described 

by (Schwartzkopff et al. 2021; Lei & Barton 2022): 
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f 0 n vw w u u= - +       Eq. (5) 

3 Numerical formulation and implementation  

The coupled equations use finite elements for mechanics and finite volumes for flow, with explicit 

fault/fracture representation and a fixed-stress split scheme. Adaptive time-stepping captures both 

long-term pressure diffusion and rapid fault slip. The simulator, implemented in Fortran 90 with Gmsh 

(Geuzaine & Remacle 2009) and MATLAB, ensures stable and efficient modeling of induced seis-

micity. 

4 Model setup  

A 2D hydro-mechanical model from Cappa and Rutqvist (Cappa & Rutqvist 2011) is developed to 

study CO  injection-induced fault activation (Fig. 1). Two cases were considered: a single fault and 

a fault with a secondary fracture network. The domain is 2000 × 2000 m (1000ï3000 m depth) with 

a 100 m aquifer confined by low-permeability caprocks. A normal fault (dip 80°, length 1000 m) lies 

500 m from the injection well. Fractures (0° and 75°) follow a power-law length distribution               

(20ï500 m). The reservoir is water-saturated (20 MPa, 62.5°C) with hydrostatic and thermal gradi-

ents. Fixed stress and roller boundaries are applied. CO  is injected at 2000 m depth at 0.8 t/m/day. 

The rock matrix has a Youngôs modulus of 10 GPa, Poissonôs ratio of 0.25, porosity of 0.1 in the 

target reservoir and upper aquifer, and 0.01 in the basal aquifer and caprock. Permeabilities are 10, 

1, 0.1, and 10ϊ mD, respectively. The main fault has an initial aperture of 10 mm, normal and shear 

stiffness of 5 GPa/m, static and dynamic friction coefficients of 0.6 and 0.3, and a dilation angle of 

6°. Secondary fractures have an initial aperture of 1 mm, normal and shear stiffness of 50 and 

10 GPa/m, the same friction coefficients as the fault, and a dilation angle of 10°. These relatively 

large aperture values represent highly conductive fault and fracture damage zones that provide con-

servative, upperΆbound estimates of potential leakage and reactivation in the caprock-reservoir sys-

tem. Water has a density of 1100 kg/m³ and viscosity of 1 mPa·s. CO  properties include a critical 

temperature of 304.7 K, critical pressure of 7.387 MPa, critical volume of 0.094 m³/kg¥mol, and an 

acentric factor of 0.225. 

 

Fig.1. Model geometry of the deep reservoir for CO  sequestration: (a) single fault and (b) fault with secondary 
fractures. Points #1ï#2 monitor the fault, and points #3ï#6 monitor the fractures. The single-fault model is 
used for comparison. 
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5 Results  

5.1 Fault slip and induced seismicity in the system without secondary fractures 

Fig. 2 shows the pressure, stress, and slip evolution during CO  injection in the single-fault model. 

Pressure builds up mainly within the target aquifer, while caprock pressure remains low, causing 

localized slip near the fault tips. Two slip zones develop in the upper and lower caprocks, corre-

sponding to early seismic activation (Fig. 2bïc). Sixteen events are generated and concentrated 

near these regions, with a maximum moment magnitude of 3.26. The cumulative seismic and aseis-

mic moments (Fig. 3) indicate that seismic energy dominates the initial fault reactivation, followed by 

stable aseismic deformation. Overall, fault slip evolves from abrupt, seismic rupture to steady, aseis-

mic accommodation, implying that injection-induced instability is transient in a single-fault system. 

 

Fig. 2. Evolution of (a) pressure buildup and slip distance, (b) horizontal total stress (ůxx), and CO2 saturation 
in the system of a single fault without secondary fractures. 
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Fig. 3. (a) Fault slip evolution without secondary fractures (bottom to top), with line color showing slip velocity. 
(b) Spatial distribution and (c) temporal evolution of seismic events. Dot color indicates event timing, and size 
reflects relative magnitude. 

5.2 Fault slip and induced seismicity in the system with secondary fractures 

Fig. 4 shows pressure, fault slip, horizontal stress, CO  saturation, and pressure relative to critical 

pressure. Secondary fractures enhance pressure propagation into upper and basal aquifers and 

nearby caprocks, promote slip in fractures, redistribute stress, and accelerate CO  migration along 

faults and fractures. Fig. 5a shows fault slip along the fault, with two peaks at 407.9 m and 593.3 m 

(cumulative slips 0.349 m and 0.324 m) and maximum velocity 876.9 mm/s. Fig. 5bïc show seismic 

events and magnitudes. Secondary fractures delay initial events (585.6 vs. 363.4 days), reduce total 

fault-induced events, and increase late-stage seismicity due to fracture slip, highlighting their role in 

modulating fault reactivation and induced seismicity during CO  injection. The different orientations 

and powerΆlaw length distribution of the fractures provide multiple competing pathways for pressure 

and stress transfer: longer fractures tend to act as dominant earlyΆtime drainage channels, whereas 

fractures with orientations closer to that of the main fault more strongly participate in laterΆtime stress 

transfer and rupture linkage. Together, these geometric effects shape the observed ñdelayΆthenΆ

intensifyò pattern of seismicity. 

 

 

Fig. 4. Evolution of (a) pressure buildup and slip distance, (b) horizontal total stress (ůxx), and (c) CO2 saturation 
in the system with secondary fractures. 
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Fig. 5. (a) Evolution of slip distance along the fault, (b) spatial distribution of seismic events, and (c) evolution 
of seismic events in the system with secondary fractures. 

6 Conclusions  

The model reveals that secondary fractures play a dual role in CO  injection-induced fault slip and 

seismicity. Early on, they relieve pressure, delaying fault reactivation and reducing seismic events. 

Later, they enhance stress transfer, promoting seismic slip, larger ruptures, and late-stage seismic-

ity. Seismicity often propagates ahead of pressurized zones, and fracture interactions can trigger 

cascading, system-spanning seismic slip. These findings highlight that fracture network orientation 

and connectivity should be considered when selecting injection zones, and that joint pressure-mi-

croseismic monitoring is important to track the advance of seismicity relative to the pressure front. 

Future work will extend this framework to 3D models and include fault permeability evolution under 

cyclic injection. 
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