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Abstract

CO, leakage is a major concern for geologic carbon storage. To assess the caprock sealing capacity and the strength of faults, we
test in the laboratory the rock types involved in CO, storage at representative in-situ conditions. We use the measured parameters
as input data to a numerical model that simulates CO, injection in a deep saline aquifer bounded by a low-permeable fault. We
find that the caprock sealing capacity is maintained and that, even if a fault undergoes a series of microseismic events or aseismic
slip, leakage is unlikely to occur through ductile clay-rich faults.
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1. Introduction

The success of geo-energy applications requires a good understanding of the coupled thermo-hydro-mechanical-
chemical processes that occur in the subsurface as a result of fluid injection. To advance in this understanding, it is
crucial for predictive numerical models to use realistic rock properties obtained from laboratory experiments.
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However, given the difficulties to reproduce in the laboratory the pressure and temperature conditions
representative of geo-energy applications, i.e., between several hundreds of meters to a few kilometers deep, data
availability is scarce. Thus, a large number of numerical studies had to assume approximate values of rock properties
to identify the relevant processes related to geo-energies, e.g. [1-3]. Nevertheless, generic studies are useful to
improve process understanding.

Despite the limitations for high pressure and temperature testing, recent developments have allowed to test rock
samples at representative in-situ conditions, e.g. [4,5]. On the one hand, sedimentary rock, such as sandstone and
limestone, is of interest for fluid injection related to CO, storage and wastewater disposal because of its relatively
high permeability, which hinders excessive overpressure [6]. On the other hand, crystalline rock is important for
enhanced geothermal systems [7] and to understand seismicity induced by fluid injection in overlying sedimentary
rock [8].

The use of rock properties from actual laboratory measurements is of interest to model the behavior of the
subsurface at a specific site. In particular, accurate measurements of rock properties are required to design field
experiments, decide the location of monitoring wells, and define the maximum sustainable injection pressure in
pilot, demonstration, and industrial scale projects. These laboratory measurements should be accompanied by field
characterization to account for scale effects on rock properties.

In this study, we measure properties of both sedimentary and crystalline rock and use these measured properties
to assess caprock and fault stability associated with CO, injection. We measure two-phase flow and geomechanical
properties of (i) Berea sandstone, which is a high-permeable sedimentary rock representative of storage formations,
(if) intact and remolded Opalinus clay, which are representative of caprock and faulted material, respectively, and
(iii) hydro-mechanical properties of Charcoal granite, which is a representative of the crystalline basement. We
model a geological setting including a stratified sedimentary basin with alternating low- and high-permeable layers
and the crystalline basement at the bottom. The model includes a normal fault with a non-negligible offset. The fault
is composed of a low-permeable fault core and a damaged zone on each side of the core. We analyze how the
overpressure induced by CO, injection affects both caprock and fault stability.

2. Experimental methods
2.1. Material

We consider Berea sandstone, Opalinus clay (shale), and Charcoal granite to be the representatives of reservoir,
caprock, and basement, respectively, and we measure their properties in the lab. Berea sandstone is a quartz-rich
(>90%) sedimentary rock with porosity of 0.23, permeability k ~ 10" m”, and slight degree of elastic anisotropy (5-
7%). Opalinus clay, a Jurassic shale from Switzerland, is taken as a ductile clay-rich (>55% of clay minerals) and
low-permeable (k ~ 10*' m?) cap and base rock representative. Its porosity is 0.12 and its elastic anisotropy is about
20-30%. Additionally, its permeability along and perpendicular to the bedding planes differ by a factor of 3. The
crystalline basement is assumed to be formed by Charcoal granite (k ~ 10?° m?), with 0.015 porosity that consists
mainly of open cracks, which also determine a high level of elastic anisotropy (up to 100%) [9]. To represent the
fault core, we test reconstituted to less than 0.5 mm grains Opalinus clay powder that is subsequently saturated with
brine and consolidated at mean stresses above 20 MPa (referred here as “remolded shale”), which is isotropic in
terms of elastic properties and permeability. At simulated reservoir conditions, porosity of fault core is 0.15 and
permeability is k ~ 10" m*. Mercury intrusion porosimetry tests are performed on non-damaged rock samples with
characteristic size of 8mm and show that the dominant pore throat diameter for the reservoir rock is about 30
micron, while those for shale (0.015 micron), remolded shale (0.015 micron), and granite (0.009 micron) are three
orders of magnitude smaller, which lead to low-permeability and strong capillary effects in these formations (Figure
1). Pore size distribution and knowledge of contact angles and interfacial tensions can also provide an evaluation of
pore entry pressures for CO, for low-permeable formations.
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Fig. 1. Pore size distribution for the sandstone (reservoir rock) and shale (caprock).
2.2. Geomechanical and hydraulic properties

Poroelastic and failure characteristics of the materials under consideration are measured in conventional triaxial
experiments with specimens of 50 mm in diameter and 100 mm in height at effective mean stresses corresponding to
1.0-1.5 km depth, with vertical effective stress ranging from 15 to 28 MPa and horizontal effective stress ranging
from 10 to 18 MPa. Drained and undrained poroelastic parameters are reported for Berea sandstone [10], Opalinus
clay (shale) [11], and remolded shale [12] fully saturated with brine. Failure characteristics (friction and cohesion)
of the sandstone and remolded shale are calculated from triaxial strength tests performed under drained (for
sandstone) and undrained (remolded shale) conditions. Failure properties of shale and granite are adopted from the
literature [13,14], as well as the elastic properties of the granite [9].

The critical parameters for the barrier sealing efficiency is the capillary breakthrough or gas entry pressure, i.e.,
the excess of non-wetting fluid (e.g., CO,) pressure above the initial pore fluid pressure that is enough to initiate its
flow through a low-permeable rock. This parameter can be estimated from mercury intrusion porosimetry tests, but
often times only with an order of the magnitude accuracy [15]. Tests on thin (12 mm in height and 35 mm in
diameter) shale and remolded shale specimens loaded under oedometric conditions allow evaluating the
breakthrough pressure and permeability for liquid and supercritical CO,. The breakthrough pressure is measured
using two different methods: direct (with the establishment of continuous CO, flow) and indirect (through a residual
capillary pressure evaluation) [5,16,17]. Breakthrough pressure for the sandstone is also measured in a conventional
triaxial configuration. Granite CO, entry pressure is evaluated from the knowledge of the dominant pore throat
diameter.

Relative CO, permeability is an important parameter for predicting flow in reservoir and it is measured in
steady-state flow tests performed at fixed differential pressures. Upstream and downstream pressure-volume
controllers are utilized to induce the pore pressure inside the rock and measure the volume of fluid that entered or
left the sample. A syringe pump (Teledyne ISCO, USA) is connected in parallel with the upstream pressure-volume
controller and is used to inject CO, into the sample, either as a single phase or in combination with water (or brine)
from upstream pressure-volume controller, providing two-phase flow with controlled fraction of each phase. The
upstream and downstream pressure transducers provide pore pressure. From Darcy’s law, the relative permeability
of o~phase can be estimated as

k =-— 4V, M a=c,w ey

7 D’At k[Ai’w +pagj

where AV, is the increment of outflow volume of o~phase (¢ = CO, and w = water), i, is the o~phase viscosity, D
is the sample diameter, At is the increment of time, Ap,, is the pressure difference across the sample, L is the sample
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length, p, is o~phase density, and g is gravity. In case of single-phase flow, the effective permeability (i.e., the
product of the intrinsic and the relative permeability) is equal to the intrinsic permeability that is measured before
CO, injection during the flow of a saturating fluid. Degree of residual water saturation is evaluated from the
difference between inflow and outflow CO, fractions. The latter one is calculated from the compressibility of the
downstream fluid precisely calibrated for different CO, - water (saturated with CO,) ratios at given temperatures and
pressures.

3. Numerical methods
3.1. Model geometry

We model a horizontal sedimentary basin where low-permeable formations with high capillary entry pressure
alternate with high-permeable geologic formations (Figure 2). These sedimentary rocks are placed on top of the
crystalline basement. The storage formation, which top is placed at a depth of 1.5 km, is overlaid and underlain by
low-permeable layers, so the crystalline basement is not directly affected by the overpressure induced by CO,
injection. We assign to the storage formation the properties of Berea sandstone, to the low-permeable sedimentary
formations the properties of Opalinus clay (shale), and to the basement the properties of Charcoal granite. Such
properties are described in Sections 2.1 and 4.

Our model includes a normal fault that has an offset of 25 m. The fault is composed by a low-permeable fault
core, which is surrounded by a damage zone on both sides of the fault. While the fault core has constant properties
along the fault, the damage zone has different properties depending on the rock it is in contact with. To avoid
boundary effects, the model extends laterally 15 km on both sides of the fault. Given the symmetry of the problem,
the model has 2D plane strain conditions.
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Upper aquifer 10
S
S
Caprock (Opalinus clay) =
/ S
s o
Reservoir (Berea sandstone) o, /.n]ect/on E n
1 km/ o €
o
Base rock (Opalinus clay) S
60° £
Crystalline basement (Charcoal granite) §

Fig. 2. Schematic representation of the model geometry.
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3.2. Numerical model

Initially, pore pressure is hydrostatic. The boundary conditions are constant pressure on both sides of the model.
However, given the time scale of the simulation, i.e., around half a year of CO, injection, the pressure perturbation
front does not reach the boundaries. Thus, the nature of the boundary condition does not have any effect on the
results. CO, is injected through a horizontal well at a rate of 2- 10~ kg/s/m at the bottom of the storage formation.

The initial stress state corresponds to a normal faulting stress regime. The vertical stress has a gradient given by
the weight of the rock, which is equal to 23 MPa/km. The horizontal to vertical stress ratio is assumed to be equal to
0.7. This ratio yields a mobilized friction coefficient of 0.4, which is within the range of values found in sedimentary
formations [18]. Boundary conditions are constant stress equal to the overburden on the top boundary and no
displacement perpendicular to the boundary on the other boundaries. We consider an elasto-plastic behavior of all
geomaterials.

We solve this two-phase flow problem in a deformable porous media using the numerical code CODE_BRIGHT
[19], which has been extended to simulate CO, injection [20]. CODE_BRIGHT is a fully coupled finite element
code that solves flow and mechanical equations in a fully coupled way. The mesh is made of quadrilateral elements,
with a higher refinement around the fault and the injection well.

4. Rock properties
4.1 Reservoir rock

Supercritical CO, retention curve for water-saturated Berea sandstone is calculated from its pore size distribution
and is presented in Figure 3a. Additionally, gaseous CO, retention curve is measured in a conventional triaxial
configuration with ceramic disks that allow accurate control of wetting and non-wetting fluid pressures and replaced
water volume. Even though there is a certain difference between the observed and measured curves, possibly caused
by different utilized CO, phases, both methods show very low (below 0.02 MPa) CO, entry pressure for the
sandstone. The relative permeability curves are obtained for liquid (20 °C) and supercritical CO, (39 °C) flow in
Berea sandstone. For the case of maximum achieved CO, saturation (about 60%), relative permeability of liquid
CO, is found to be k,. = 0.12, which is 20% larger than the one at supercritical state (Figure 3b). The flow rates
through a high-permeable rock are limited by the upstream and downstream controllers and provide a maximum
measurable degree of CO, saturation of 60% for pure CO, flow in water-saturated sandstone. Nonetheless, the
measured retention curve in Figure 3a shows that it can be above 70% at elevated non-wetting fluid pressures.

Measured relative CO, permeability for liquid and supercritical phases are within the reported ranges for high-
permeable rock (~10’14—10’13 mz) close to the residual water saturation, i.e., k. = 0.05-0.20 [21]. Slightly different
curves are obtained for relative permeability of water given that the non-wetting fluid can be either CO, in liquid or
supercritical states. The results are fitted using the van Genuchten [22] model

m 2
k=S {1—(1—[51]”’”) } , @)

providing the best fit for a m-parameter equal to 0.80 at 39 °C and equal to 0.78 at 20 °C. Our measurements around
S0 = 0.6 do not show the monotonic increase predicted by this model, which has to be explored further.

The diffusivity coefficient of high-permeable sandstone is on the order of 0.1 m*/s [23], which determines quick
equilibration of pore pressure within the formation (on the order of hours for a 50-meter-thick layer), hence drained
response can be assumed. Drained Young’s modulus of Berea sandstone is measured to be E = 14.0 MPa and
Poisson’s ratio is v = 0.31 [10]. A series of triaxial compression tests are conducted under dry, drained, and
undrained conditions, and provide consistent values of the friction angle ¢ = 42° and cohesion ¢ = 9 MPa [24]. Study
of CO, interaction with sandstone shows no measurable stiffness changes (after three weeks of CO, flow). It is
explained mainly due to low calcite and clay concentration in the material (about 1%) [25]. However, the intrinsic
permeability of the sandstone samples after CO, treatment shows a slight increase (2-4%).
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Figure 3. (a) Water retention curves for Berea sandstone obtained from pore size distribution for supercritical CO, and direct measurements with
gaseous CO, as a non-wetting fluid. (b) Relative permeability for water and CO, at 20 °C and 39 °C as a function of water saturation.

4.2. Caprock, basement, and fault material

CO, breakthrough pressures for reservoir rock (sandstone), fault core (remolded shale) and cap and base rock
(intact shale) are presented in Figure 4. For the range of stresses considered in the model, the breakthrough pressure
is measured to be 0.02 MPa for the sandstone, 9-10 MPa for intact shale, and 3-5 MPa for the remolded material.
The gas entry pressure for crystalline basement is estimated from pore size distribution to be around 12 MPa. CO,
effective permeability (i.e., intrinsic permeability times CO, relative permeability) of brine-saturated shale is at least
an order of magnitude smaller than the one for brine and is ~ 10> m” for the intact and reconstituted material loaded
to in-situ conditions [5]. High differential pressures need to be applied to address relative CO, permeability in low-
permeable clays with strongly stress-dependent flow properties. The maximum CO, saturation at 16 MPa
differential pressure was measured to be 0.2 for fault core and 0.12 for cap and base rock, so the overall
permeability curves could not be derived. Relative CO, and water permeability curves are taken as power functions
of saturation, with a power of 6 for the shale, remolded shale, and granite [26]. van Genuchten’s [22] shape
parameter is assumed to be m = 0.3 for the low-permeable formations under consideration.

The characteristic pressure diffusion time across the fault core is about two days, which is two orders of
magnitude smaller than the considered injection time (0.5 years), hence the drained response is assumed. Drained
Young’s modulus of the fault core is strongly stress-dependent and is equal to £ = 1.4 GPa at simulated conditions
and drained Poisson’s ratio is v = 0.30. Drained elastic properties are also reported for the crystalline basement, E =
55 GPa and v = 0.18 [9], with the characteristic diffusion time in the order of a few weeks. Conversely, the
undrained (short-term) elastic parameters are reported for the confining layers (shale) due to their characteristic
timescale of the diffusion processes being on the order of tens of years. The undrained Young’s modulus of
Opalinus clay is E, = 3.0 GPa and Poisson’s ratio v, = 0.40. Cohesion and friction angles are ¢ = 5 MPa, ¢ = 24° and
¢ = 60 MPa, ¢ = 42° MPa for intact shale cores loaded perpendicular to the bedding planes in brittle regime and
crystalline basement, respectively [13,14]. Cohesion and friction for the fault core are determined from undrained
triaxial compression data in the brittle regime, ¢ = 0.1 MPa and ¢ = 24°, with the same friction angle for both intact
and remolded Opalinus clay.
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Figure 4. Measured CO, breakthrough pressures: liquid (blue triangles) and supercritical (grey triangles) CO, in shale (caprock), liquid (green
squares) and supercritical (black squares) CO, in remolded shale (fault), and supercritical CO, (yellow circles) in reservoir rock (sandstone).

5. CO, injection model
5.1. Fluid pressure evolution

CO; injection through a horizontal well induces a fluid pressure that increases monotonically with time [27,28].
This pressure buildup is accentuated by the presence of the low-permeable fault, which induces an additional
overpressure in the region between the injection well and the fault. After around half a year of injection,
overpressure is 5.6 MPa next to the fault and 6.3 MPa at the injection well. In contrast to the monotonic pressure
increase that occurs in the reservoir, fluid pressure initially drops in the caprock by 0.6 MPa, before starting to
increase after one month of injection. After half a year of injection, pressure buildup in the lower portion of the
caprock, above the injection well, is 0.9 MPa. This pore pressure evolution in low-permeable formations as a
response to fluid injection in underlying permeable layers is known as reverse-water level fluctuation or
Noordbergum effect [29] and controls caprock stability.

5.2. Caprock integrity

The most critical zone of the caprock is around injection wells, where overpressure is maximum. However, given
the low permeability of caprock, overpressure propagation into it is significantly hindered. Furthermore,
poromechanical effects lead to a reverse-water level fluctuation in the caprock (see Section 5.1), which improves
caprock stability in the short term (see the Mohr circle corresponding to 56 days in Figure 5). Subsequently, once
fluid pressure starts to progressively build up in the caprock, the Mohr circle is displaced towards the failure surface.
However, the horizontal total stresses increase in the lower portion of the caprock as a response to pressure buildup,
which reduces the deviatoric stress, and thus, caprock stability improves. Figure 5 illustrates that caprock stability is
maintained in the long term, as shown by the reduced size of the Mohr circle corresponding to 160 days of injection.
Actually, the mobilized friction coefficient is lower at the end of injection than prior to injection.
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Figure 5. Evolution of caprock stability above the injection well, at a point placed 5 m above the reservoir-caprock interface, represented by
Mohr circles before injection and after 56 and 160 days of CO, injection.

5.3. Fault stability

Unlike caprock stability, which is not compromised by CO, injection, the effective stress state reaches the yield
surface in the fault core after 35 days of injection (Figure 6). Given the ductility of the fault core, which has a high
clay content, the likelihood of inducing felt seismicity is low. In contrast, a series of very low magnitude
microseismic events or aseismic slip is likely to occur [30]. Figure 6 shows that plastic strain accumulation in the
fault core is progressive, being practically linear with time.
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Figure 6. Plastic strain evolution in the fault core, at a point placed 7 m above the bottom of the reservoir.

Yield conditions are reached within the fault because its presence induces a complex stress redistribution in its
vicinity when fluid injection occurs on one of its sides [31]. For the geometry of the problem, horizontal total
stresses increase in the upper portion of the reservoir, in the region where the reservoir rock is placed on both sides
of the fault. This increase occurs because reservoir rock is stiff and accumulates stresses. On the other hand, in the
lower portion of the reservoir, where the base rock is placed on the other side of the fault, horizontal total stresses
barely increase in response to reservoir pressurization because Opalinus clay (shale) is significantly more
compressible than Berea sandstone. This small increase in the horizontal total stresses in the lower half of the
reservoir maintains the deviatoric stress approximately constant during injection. Additionally, the increase in fluid



502 Victor Vilarrasa et al. / Energy Procedia 125 (2017) 494-503

pressure reduces the effective stresses, displacing the Mohr circle towards the failure surface, which eventually leads
to yielding of the fault.

6. Discussion and conclusions

We have simulated a generic CO, storage scenario modeling a stratified sedimentary formation, where high- and
low-permeable layers are alternating, and added the crystalline basement at the bottom of the model. We have
included a low-permeable fault that causes an additional pressure buildup, which may compromise both caprock and
fault stability. We have also measured in the laboratory the properties of rocks representative of the modeled
geomaterials. These measurements have been performed reproducing deep geological storage conditions. Using rock
properties measured in the laboratory permits gaining confidence in describing the processes associated with fluid
injection in the subsurface and discards certain risks that might be suspected when using generic properties.

The additional overpressure generated by the presence of a low-permeable fault gives rise to yielding of the fault.
However, the caprock remains stable, which minimized the risk of CO, leakage across it. Despite the yielding of the
fault, given its ductility, shear slip does not occur in a sudden single event that may induce felt seismicity, but rather
in a slow progressive slip that may induce a sequence of microseismic events or aseismic slip without measurable
seismicity. Even though such situation may not give rise to public concern, it should be minimized and controlled,
because aseismic slip of portions of a fault may end up causing brittle failure in other sections [32].

Permeability of clay-rich geomaterials does not significantly increase after undergoing shear failure. Permeability
increase may be of up to one order of magnitude, but still not enough to give rise to a significant fluid flow.
Furthermore, the entry pressure of sheared clay-rich materials is still in the order of several MPa (Figure 4), so CO,
will not be able to penetrate into it for the overpressures that are likely to be allowed at storage sites. Consequently,
the risk of CO, leakage through ductile faults is low, even if they are reactivated. Still, the risk of pressurizing the
crystalline basement is a concern, since it may give rise to induced felt seismicity, as has occurred in central US due
to wastewater disposal in basal aquifers [33]. Were this to happen, the risk of CO, leakage would remain low
because failure would occur deeper than the storage formation [8].
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