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Abstract. Geologic carbon storage is considered as a key technology to reach zero emissions 

by 2050 in order to meet the objective of the Paris Agreement of limiting temperature 

increase below 2 ºC. Yet, a number of concerns exist about the long-term caprock integrity to 

permanently storing CO2 in deep geological formations. To gain knowledge on the sealing 

properties of clay-rich geomaterials that serve as caprock, field experiments in underground 

research laboratories are required. Here, we present preliminary results of the modeling of a 

long-term CO2 injection experiment into Opalinus Clay (shale) at Mont Terri, Switzerland. 

Simulation results show that the high entry pressure hinders CO2 penetration in free phase 

into the shale, but CO2 does get into Opalinus Clay dissolved into the resident pore water. 

The presence of fractures in the caprock provide preferential paths for pressure propagation 

and for CO2 migration provided that the CO2 entry pressure is low enough to permit CO2 

entering into it. The modeling of the experiment is ongoing in order to define the design of the 

experiment. 
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1 INTRODUCTION 

Predictions show that in order to meet the ambitious objective of the Paris Agreement of 

limiting the temperature increase below 2 ºC, we should reach zero emissions by 2050. To 

achieve carbon neutrality, several actions will be required, such as shifting to carbon-free 

fuels, fostering renewable energies and storing carbon dioxide (CO2) in deep geological 

formationsi. Geologic carbon storage has the potential to significantly reduce CO2 emissions 

to the atmosphere, contributing to climate change mitigation. According to the International 

Energy Agency (IEA), the amount of stored CO2 should progressively increase until reaching 

some 8 Gt/yr by 2050i.  

In order to permanently store large amounts of CO2 deep underground, we should ensure 

that the sealing capacity of the low-permeability formations placed on top of the storage 

formations, known as caprock, can prevent upwards CO2 leakage in the long-term. Caprock 

integrity may be compromised byii 1) fracture opening as a result of pressure buildup, 2) 

cooling-induced thermal stresses, 3) geochemical reactions induced by the acidic nature of 

CO2 when it dissolves into water, 4) shear slip of pre-existing fractures that may induce 

microseismicity or cause aseismic slip, 5) fault reactivation and consequent permeability 

enhancement, and 6) porosity waves enhancing permeability. Experience with existing CO2 

injection sites has shown that caprocks seem to be effective sealsiii. Even though the overall 

sealing capacity is unlikely to be compromisediv,v, a close look into the lower portion of the 

caprock, i.e., the one in contact with the storage formation, reveals that caprock integrity may 

be affected by CO2 injectionvi-viii, which may lead to CO2 penetration into it.  

To gain knowledge on the processes that may affect the sealing caprock capacity, field 

experiments under controlled experimental conditions in underground research laboratories 

are essential. We are designing a long-term CO2 injection experiment in Opalinus Clay at the 

Underground Rock Laboratory in Mont Terriix, Switzerland. Opalinus Clay is a shale that 

possesses properties of suitable caprocks. We present here simulation results of the 

preliminary modeling stage of the experiment. 

2 METHODOLOGY 

We model a vertical cross section of the long-term CO2 injection experiment. We use a 2D 

plane strain model of 40 m by 20m, in which a 20-m long injection borehole is placed in the 

center of the model. The borehole is modeled by assigning a high porosity and permeability. 

The relatively reduced dimensions of the model are justified by the low-permeability of 

Opalinus Clay (Table 1). Note that Opalinus Clay has anisotropic permeability, with higher 

permeability along the bedding planes than perpendicular to them. The bedding planes are 

inclined at Mont Terri, with an average dip angle of 45º.  

Table 1. Hydro-mechanical properties of Opalinus Clay measured in the laboratoryx,xi 
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The initial conditions are hydrostatic fluid pressure, temperature of 20 ºC, and a normal 

faulting stress regime. At the depth of the underground rock laboratory (300 m), the fluid 

pressure is of 2 MPa, and the stress state is such that the vertical stress equals 6.5 MPa, the in-

plane horizontal stress equals 4.5 MPa and the out-of-plane horizontal stress equals 2.5 MPa. 

The hydraulic boundary conditions are constant pressure on the top boundary equal to 2 MPa 

and a CO2 injection pressure on the borehole of 3 MPa for 1 year. The mechanical conditions 

are constant overburden equal to the lithostatic stress on the top boundary and no 

displacement perpendicular to the other boundaries. We solve this two-phase flow coupled 

problem in deformable porous media using CODE_BRIGHTxii,xiii, with the modifications 

made by Vilarrasa et al.xiv to model CO2 injection. 

3 RESULTS 

CO2 injection causes a pressure increase of 1 MPa with respect to the initial pore pressure. 

However, the CO2 entry pressure has been measured in the laboratory to be of 10 MPa (recall 

Table 1). Thus, no CO2 penetrates into the Opalinus Clay as a free phase. Nonetheless, the 

pressure increase imposed in the injection wellbore induces a water pressure buildup around 

the borehole (Figure 1). Pressure diffusion advances preferentially through the bedding planes 

because of their higher permeability. As a result, the pressure front has an inclined shape 

following the dip of the bedding planes, which is of 45º. The pressure perturbation front is 

limited to some 4 m away from the borehole. However, deformation-induced pressure 

changes are observed further away. For example, note that the pressure is not hydrostatic at 

the top of Figure 1, presenting lower pressure in the central part above the borehole, than on 

the sides of the borehole. This is due to the pressure-induced expansion of the shale around 

the borehole causing bending of the rock that extends above the borehole and compacts on its 

sides. Thus, the pore volume increases above the borehole, leading to a slight pressure drop. 
  

 

Figure 1. Liquid pressure (in MPa) distribution after 1 year of CO2 injection at 3 MPa 

Despite CO2 being unable to enter into Opalinus Clay because of the high entry pressure, 

CO2 progressively dissolves into the formation pore water and advances by diffusion 

(Figure 2). After 1 year of injection, CO2 barely advances 1 m into the caprock. This 

penetration length is important because the pH of water with dissolved CO2 is reduced, which 
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generates dissolution and precipitation of minerals that may alter the caprock propertiesxv. 

 

Figure 2. CO2 dissolution (in %) distribution after 1 year of CO2 injection at 3 MPa 

 

Pressure changes modify the effective stresses and as a result, the caprock deforms (Figure 

3). The pressure changes in this experiment will be relatively small because the initial 

minimum effective stress is of just 0.5 MPa and the intention is not to induce hydraulic 

fractures. The total stresses increase as a result of pore pressure increase, so the effective 

stress decrease is smaller than the pressure increase. Nevertheless, simulation results show 

that the minimum principal effective stress becomes tensile, being –0.05 MPa after 1 year of 

CO2 injection. Even though this value is smaller than the tensile strength of Opalinus Clay 

and new fractures would not be created, pre-existing fractures or bedding planes might be 

opened. Since the objective of the experiment is not to open or to reactivate pre-existing 

fractures that may induce aseismic slip or induced microseismicity (actually, other 

experiments at Mont Terri aim at reactivating faultsxvi), the injection pressure will need to be 

decreased. 
 

 
Figure 3. Displacement (in meters) distribution after 1 year of CO2 injection at 3 MPa 

 



 5 

4 CONCLUSIONS 

We have modeled CO2 injection experiment into Opalinus Clay (shaly facies) at the 

underground rock laboratory of Mont Terri using CODE_BRIGHT. Even though CO2 does 

not penetrate into the shale because of the high CO2 entry pressure of Opalinus Clay, CO2 

dissolves into the formation pore water, which will induce geochemical reactions around the 

injection borehole. The anisotropy of Opalinus Clay, which is controlled by the bedding 

planes, leads to a pressure perturbation front that follows the dip angle of the bedding planes. 

Deformation-induced pressure changes are also observed further away than the pressure 

diffusion front. The initially considered injection pressure of 3 MPa leads to tensile stresses in 

the out-of-plane direction and thus, it will need to be lowered to avoid fracture reactivation 

and/or formation and subsequent induced microseismicity. 
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