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Summary 

 

A comprehensive assessment of geomechanical risks is 

essential for the success of geological carbon storage. 

Although the relationship between injection-induced pore 

pressure changes and rock failure is broadly understood in 

poromechanics, the challenge of characterizing and 

managing geomechanical hazards associated with 

subsurface CO₂ injection in saline aquifers persists, affecting 

its viability as a global strategy for achieving a net-zero 

carbon economy. Here, we investigate the geomechanical 

response of the Luna saline aquifer in the North Sea to CO₂ 

injection using coupled compositional flow and 

geomechanics simulations based on a seismic-driven high-

fidelity static model. We find a surface uplift of 13 mm 

following a constant injection rate of 1.5×10⁶ m³/d (i.e., 1 

Mt/y)  in the Luna aquifer for 20 years, which is considered 

reasonable and safe for offshore surface facilities. We show 

that the upper limits of shear stress level (SSL) and tensile 

stress level (TSL) are 0.5 and 0.78, respectively, in both the 

reservoir and caprock. Since SSL and TSL values below 0.8 

are considered safe, our results suggest that gas injection-

induced reservoir and caprock failure is unlikely in the study 

area, providing confidence that caprock mechanical leakage 

poses a low risk for long-term CO₂ storage. 

 

Introduction 

 

Geological storage of carbon dioxide is a crucial component 

of the transition to a net-zero carbon economy (IEA, 2021). 

Comprehensive geomechanical modeling of subsurface CO₂ 

injection in saline aquifers is essential for investigating CO₂ 

plume migration (Bachu and Adams, 2003), pressure 

buildup (Zhao et al., 2012), and potential risks, including 

surface uplift (Rutqvist, 2012), wellbore and caprock 

integrity issues (Han et al., 2024), and induced seismicity 

(Hager et al., 2021). Much of the research on CO₂ injection 

modeling in saline aquifers has adopted reservoir-scale 

models focused on the shape and distribution of the CO₂ 

plume (Wang et al., 2023). Compositional fluid flow 

simulation allows for the dissolution of CO₂ in brine, which 

is essential for accurate plume modeling (Pruess and García, 

2002). Far less emphasis has been placed on the scale and 

resolution of the static model (both reservoir and 

overburden), pressure plume distribution, and the associated 

geomechanical risks within and around the reservoir. 

Despite recent advances in geomechanical simulation, 

coupled compositional fluid flow and geomechanical 

modeling based on high-resolution 3D seismic imaging 

remains a significant challenge, particularly for CO₂ 

injection in offshore saline aquifers. 

CO₂ injection into a saline aquifer causes pore pressure 

buildup in the brine-saturated porous formation, with the 

magnitude of pressure increases depending on the distance 

from the injector (Zeidouni, 2024). According to 

poroelasticity theory, this leads to an increase in total stress, 

a decrease in effective stress, and rock deformation 

(Terzaghi, 1943; Biot, 1941; Haghi and Chalaturnyk, 2024; 

Haghi et al., 2019, 2020, 2021). Excessive deformation can 

induce inelastic deformation and rock failure, either through 

shear failure or tensile fracturing. Shear failure occurs when 

the shear stress (τ) exceeds the shear strength of the rock, 

which follows the Mohr-Coulomb failure criterion: 𝜏 =
𝐶0 + 𝜇𝜎𝑛, where 𝐶0 is the cohesion, 𝜇 is the friction 

coefficient, and 𝜎𝑛 is the normal effective stress at failure. 

According to frictional equilibrium theory, in the faulted 

Earth's crust, a zero cohesion assumption (𝐶0 = 0) and a 

friction coefficient of 𝜇 = 0.6 are commonly recommended 

(Zoback, 2011; Haghi et al., 2013, 2018). Tensile failure 

occurs when the pore pressure (𝑃𝑝) exceeds the minimum 

principal stress (𝑆3), leading to abrupt fracturing, typically 

perpendicular to the maximum stress direction or along 

subsurface interfaces such as bedding planes, faults, or pre-

existing fractures (Sibson, 2017; Yang et al., 2025).  

In contrast to the wealth of numerical simulations focusing 

on CO₂ plume migration in saline aquifers, the modeling of 

pore pressure plumes and their destructive geomechanical 

impact remains relatively underexplored. This is despite 

global observations demonstrating the significant effects of 

pressure perturbations on fault reactivation and caprock 

failure, which can propagate far from the injection site 

(Zoback and Gorelick, 2012; Rutqvist, 2008). Accurate CO₂ 

pressure plume modeling and geomechanical risk 

assessment require large-scale models that encompass the 

reservoir, overburden, underburden, and sideburden 

(Vilarrasa and Carrera, 2015). Additionally, high-resolution, 

seismic-driven static models are essential to capture the 

structural details along subsurface interfaces necessary for 

geomechanical modeling (Sengupta et al., 2011). However, 

a robust modeling approach that fully integrates 

compositional fluid flow—between gaseous and aqueous 

phases—and mechanical deformation within a high-

resolution, seismic-driven static model remains largely 

unexplored. 

Here, we use a seismic-driven, coupled numerical approach 

to study the geomechanical risks of CO₂ sequestration in the 

Luna saline aquifer in the North Sea, focusing on assessing 

the potential for reservoir or caprock failure and identifying 

key factors that control these risks. To address this 

challenge, we develop a high-fidelity static model with 15.5 

million grid cells, incorporating reservoir, overburden, and 

10.1190/image2025-4312155.1
Page    2675

Fifth International Meeting for Applied Geoscience & Energy
© 2025 Society of Exploration Geophysicists and the American Association of Petroleum Geologists

Downloaded from http://pubs.geoscienceworld.org/segeab/proceedings-pdf/SEGEAB.44/1/2675/7754013/image2025-4312155.1.pdf by Viridien (formerly CGG) user on 25 February 2026



Geomechanical risk assessment for CO₂ storage in the North Sea’s Luna site 
 

underburden properties derived from 3D seismic inversion 

and well-log data. We then perform coupled compositional 

flow and geomechanics simulations to investigate CO₂ 

plume migration, pressure distribution, surface uplift, and 

failure analysis using the Coulomb failure criterion. Our 

results reveal the significant influence of stress anisotropy, 

structural heterogeneity, and rock properties on the 

asymmetric CO₂ plume shape and pressure distribution after 

20 years of injection. This study highlights the importance 

of adapting a robust simulation workflow for geomechanical 

risk mitigation in CO₂ sequestration operations within the 

Luna aquifer, which can be extended to CO₂ storage projects 

in the North Sea or similar geological settings.  

 

Luna Storage Site 

 

The Luna site is a potential carbon capture and storage 

(CCS) initiative in the Norwegian North Sea, located west of 

the Northern Lights CCS project, at a water depth of 

approximately 200 meters. The geological structure of the 

North Sea has been shaped by Upper Jurassic to Lower 

Cretaceous rifting events, influenced by older tectonic 

formations. These main rifting events had a significant 

impact on the present-day structural setting and the quality 

of pre-rift sandstone reservoirs, including the Statfjord 

Formation (Norwegian Petroleum Directorate, 2025). 

The Luna site aims to store CO₂ in the Statfjord Formation, 

a Lower Jurassic sandstone reservoir, located at depths 

between 2500 and 3500 meters beneath the seabed. With 

high porosity (above 20%) and permeability, the Statfjord 

Formation is well-suited for CO₂ injection and long-term 

containment. Overlying Jurassic shale formations, including 

the Drake Formation, serve as primary caprocks, preventing 

the upward migration of stored CO₂ (Bretan et al., 2011). 

Previous studies also indicate the presence of secondary 

caprock formations (Booth et al., 2021). 

  

Methodology 

 

Static model 

We developed a high-fidelity static model with grid 

dimensions of 1710 × 244 × 37 (15.5 million cells), 

incorporating the reservoir as well as high-resolution 

overburden and underburden properties derived from 3D 

seismic inversion and well-log data (Error! Reference 

source not found.). The model spans an area of 20 × 40 km, 

with the brine-saturated aquifer located at depths ranging 

from 2500 m to 3500 m, deepening toward the northeast. 

We establish a strong correlation between porosity and 

acoustic impedance using public well data. We then perform 

seismic acoustic inversion from below the reservoir up to the 

seafloor and convert to depth using well data and seismic 

imaging velocities. Porosity is calculated from impedance 

values, while permeability is modeled using a well-data-

driven porosity-permeability equation. 

 

 

Figure 1: High-resolution reservoir geomechanical model. 

 

Compositional reservoir model 

We use CMG for compositional reservoir simulation. The 

model’s initial conditions include hydrostatic pore pressure 

and a temperature of 100°C. A two-component model is 

established based on the Peng-Robinson equation of state.  

CO₂ dissolution in brine is modeled using Henry’s Law and 

Harvey’s correlation for CO₂ (Harvey, 1996). For relative 

permeability curves, we adopt Brooks-Corey exponents for 

mid-range permeability (10–100 mD), along with endpoints 

and hysteresis effects from published CO₂-brine core-

flooding databases (Bachu, 2013; Burnside & Naylor, 2014). 

A CO₂ injector is located down-dip into the Statfjord 

formation with a target injection rate of 1.5 × 10⁶ m³/d, 

aiming to inject 1 million tons of CO₂ annually into the 

aquifer over a 20-year period, starting on January 1, 2065 

(Error! Reference source not found.).  

 

Coupled geomechanical simulation 

We use Geosim to perform coupled geomechanical 

simulations with advanced parallelization capabilities, 

optimized for high-performance computing (HPC) systems. 

Using the finite element code within the Geosim simulator, 

we first initialize the stress field across the entire model 

through gravitational and tectonic loading, incorporating 
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density, elastic properties, and boundary displacements. 

During the stress initialization process, we iteratively 

calibrate the model using in-situ stress data from wells. The 

resulting 3D Mechanical Earth Model (3D MEM) imports 

pressure and saturation arrays from the compositional 

reservoir simulation at each timestep (Error! Reference 

source not found.). The coupled reservoir-geomechanical 

approach calculates deformation and stress throughout the 

entire injection scenario.  

To provide quantitative insights into the risk of failure, we 

use two key dimensionless parameters for each cell at each 

timestep (Haghi et al., 2024): (1) Shear Stress Level (SSL), 

defined as the ratio of deviatoric stress at current state to the 

deviatoric stress at failure based on the Mohr-Coulomb 

failure criterion, and (2) Tensile Stress Level (TSL), defined 

as the ratio of pore pressure (𝑃𝑝) to the minimum principal 

stress (𝑆3).  

𝑆𝑆𝐿 =
𝜎1 − 𝜎3

𝜎1|𝑓 − 𝜎3
 (1) 

𝑇𝑆𝐿 =
𝑃𝑝

𝑆3
 (2) 

where 𝜎1 and 𝜎3 are the maximum and minimum effective 

stresses for each cell at each timestep. SSL and TSL range 

from 0 to 1, with higher values indicating a greater 

likelihood of shear and tensile failure, respectively. We 

apply the Mohr-Coulomb failure criterion to calculate the 

breakdown effective stress (𝜎1|𝑓) as follows: 

𝜎1|𝑓 = 2𝐶0

𝑐𝑜𝑠 𝜙

1 − 𝑠𝑖𝑛 𝜙
+ 𝜎3

1 + 𝑠𝑖𝑛 𝜙

1 − 𝑠𝑖𝑛 𝜙
 (3) 

where 𝐶0 and 𝜙 represent cohesion and the friction angle, 

respectively. By varying cohesion, we assess the model’s 

sensitivity to existing geological discontinuities.  

 

Results and Discussion 

 

The initial stress maps, obtained from finite element 

gravitational and tectonic loading, show an increasing trend 

in both maximum and minimum principal stress magnitudes 

(𝑆1  𝑎𝑛𝑑 𝑆3) toward the northeast, influenced by the 

structural trend of increasing reservoir depth in that direction 

(Figure 2). The stress maps in Figure 2 also indicate that the 

vertical stress is the maximum principal stress (𝑆1 = 𝑆𝑣), 

confirming a normal stress regime in the study area. In 

Figure 2, we highlight the dominant North-South orientation 

of the minimum horizontal stress (𝑆ℎ𝑚𝑖𝑛 ) using an azimuthal 

arrow. These observation are consistent with recent findings 

from the Norwegian North Sea, supported with several high-

quality Extended Leak Off Test (XLOT) subsurface stress 

data (Andrews et al., 2016; Thompson et al., 2022). 

The CO₂ saturation and pressure buildup maps in Figure 3 

clearly reveal the significant influence of stress anisotropy, 

structural heterogeneity, and rock properties on the 

asymmetric CO₂ plume shape and pressure distribution after 

20 years of injection into Well_1. The dominant east-west 

orientation of maximum horizontal stress in the model, 

combined with permeability anisotropy and gravitational 

forces toward the shallower western part of the reservoir, 

effectively explains the preferential migration of the CO₂ 

plume toward the west. 

 

Figure 2: Reservoir initial stress maps before CO₂ injection. 

 

Figure 3: Reservoir pressure buildup and gas saturation maps at the 

end of the CO₂ injection period in 2085. 
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Additionally, Figure 3 highlights that the excessive pressure 

buildup (i.e., the difference between the current pressure and 

the initial pore pressure of the aquifer) near the wellbore 

gradually dissipates toward the edges of the model. This 

indicates the long-distance migration of the pressure plume 

from the injector, which could potentially activate critically 

stressed faults tens of kilometers away from the injector. 

Injection-induced effective stress decrease leads to heave 

within the reservoir, pushing the overburden layers upward. 

Depending on their poroelastic properties, this displacement 

can propagate to the surface, resulting in seabed uplift. 

Figure 4 shows approximately 1.3 cm of seabed uplift in 

response to a 2 MPa pressure buildup near the wellbore at 

the end of 20 years of CO₂ injection. This level of uplift is 

considered reasonable and safe for offshore surface facilities 

(Equinor, 2020). 

 

Figure 4: Vertical displacement cross sections and surface uplift 
map at the end of the CO₂ injection period in 2085. 

 

Our main contributions are the SSL and TSL analyses 

derived from the calculated stress, pore pressure, and 

breakdown stress (based on the Mohr-Coulomb failure 

criterion) for each cell at each timestep (Figure 5). The SSL 

and TSL maps in Figure 5 provide a quantitative assessment 

of geomechanical risks associated with caprock integrity for 

the Luna aquifer in our study area. SSL and TSL values 

below 0.5 and 0.78, respectively, demonstrate the safety of 

the storage operation, indicating a low risk of caprock 

mechanical leakage for long-term CO₂ storage in the Luna 

aquifer. 

Additionally, Figure 5 demonstrates the remarkable 

influence that small-scale heterogeneity and stress 

anisotropy exert on the spatial distribution of SSL and TSL, 

as well as the risk of caprock failure. These critical details 

are often overlooked in coarse-grid reservoir geomechanical 

models, potentially resulting in misleading assessments for 

many subsurface storage projects. 

The findings also have broader implications for hydrogen 

storage and geothermal energy projects, demonstrating the 

potential of integrated geomechanical modeling approaches 

to inform the safe and efficient deployment of other 

subsurface injection technologies. 

 

Figure 5: SSL and TSL maps at the base of caprock at the end of the 

CO₂ injection period in 2085. 

 

Conclusions 

 

In conclusion, our high-fidelity geomechanical modeling of 

CO₂ injection into the Luna aquifer provides valuable 

insights into the complex interactions between stress 

anisotropy, structural heterogeneity, and pressure buildup in 

the Norwegian North Sea. The SSL and TSL analyses 

demonstrate the robustness of our approach in assessing 

geomechanical risks, showing that caprock integrity is 

maintained with low mechanical leakage risk throughout the 

20-year injection period. The spatial distribution of SSL and 

TSL highlights the critical role of small-scale heterogeneity 

and stress anisotropy, underscoring the importance of high-

resolution models for accurate risk assessment. Our findings 

not only enhance the understanding of CO₂ storage safety but 

also offer broader implications for other subsurface injection 

technologies, such as hydrogen storage and geothermal 

energy. This study reinforces the necessity of integrated 

geomechanical modeling in ensuring the safe and efficient 

deployment of carbon storage and other sustainable energy 

solutions. 
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