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ABSTRACT

With developing countries strongly relying on fossil fuels for energy generation, geological
carbon sequestration (GCS) is seen as a candidate for large reductions in CO, emissions
during the next several decades. GCS does, however, raise some safety concerns.
Specifically, it has been associated with induced seismicity, as a result of pressure buildup
arising from prolonged CO, injection in GCS projects. This seismicity is a delicate issue for
two main reasons. First, over a short time scale, deformation of rock could release seismic
energy, potentially affecting surface structures or simply alarming the population, with
negative consequences for the social acceptance of this kind of project. Second, over a
longer time scale, activated faults may provide preferential paths for CO, leakage out of
reservoirs. While known major faults intersecting target aquifers can be identified and
avoided during site screening, the same might not be true for faults that are not resolvable
by geophysical surveys. In this study, we use geological observations and seismological
theories to estimate the maximum magnitude of a seismic event that could be generated by
a fault of limited dimensions. We then compare our estimate with results of geomechanical
simulations that consider faults with different hydrodynamic and geomechanical
characteristics. The coupled simulations confirm the notion that the tendency of faults to be
reactivated by the pressure buildup is linked with the in situ stress field and its orientation
relative to the fault. Small, active (critically stressed) faults are capable of generating
sufficiently large events that could be felt on the surface, although they may not be the
source of large earthquakes. Active, relatively permeable faults may be detrimental
concerning the effectiveness of a storage project, meaning that they could be preferential
pathway for upward CO, leakage, although minor faults may not intersect both CO,
reservoirs and shallower potable aquifers.
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Nomenclature

Oeff

GCS
SGR

Rock Cohesion (GPa)

Pore pressure (GPa)

Pressure (e.g. CO, pressure) (GPa)

Temperature (°C)

Fault zone thickness (m)

Time after injection starts at which the fault slips (d)
Earthquake magnitude

Seismic moment (N m)

Maximum fault displacement (m)
Average slip on the fault plane during a single event (m)

Length of the fault surface (diameter if considering elliptic features) (m)
Areal extent of the fault surface (m?)
Permeability of the target aquifer (m°)

Permeability of cap-rock (m?)
Fault permeability (m?)

Fault permeability when crossing the aquifer (m®)
Fault permeability when crossing the cap-rock (m’)

Principal stress vector (GPa)

Intermediate stress vector (GPa)

Least stress vector (GPa)

Horizontal stress in a 2D simulation (GPa)
Vertical stress in a 2D simulation (GPa)

Stress component acting normal to a plane (GPa)
Stress component acting parallel to a plane (GPa)

Effective normal stress on a plane (= o,- p) (GPa)
Coefficient of friction
Shear modulus

Geological Carbon Sequestration
Shale Gouge Ratio



1 Introduction

The risk of induced seismicity is a general concern for geological carbon sequestration
(GCS) projects, owing to the large-scale pressurization resulting from CO, injection (e.g.,
Oldenburg, 2007; Shapiro et al. 2007; Cappa & Rutqvist, 2011a). This induced seismicity
remains a major issue for public acceptance of GCS projects located near active, potentially
seismic faults: project proponents and regulators inevitably must face this concern. The
possibility exists that such induced seismicity may also result from undetected sources: i.e.,
faults that were not recognized during the site-screening phase of the project. While it is
already known how to evaluate seismic hazard for known faults (e.g., Kanamori, 1977; Wells
& Coppersmith, 1994; Abercrombie, 1995), the potential for induced seismicity due to

undetected faults has not been thoroughly studied.

It has long been recognized that increasing pore pressure reduces the stress normal to the

fault surface, thereby reducing fault strength (Terzaghi and Peck, 1948). That is:

t=C+u(o,-p) (1)

where t is shear stress, C is cohesion, u is coefficient of friction, g,is normal stress, and p is
pore pressure. Thus, by raising pore pressure, the effective normal stress on a pre-existing
fault surface (0. = 0, - p) is reduced, making it possible for fault reactivation to occur at a
level of shear stress at which fault slip, and consequent energy release, would normally not

occur (Zoback & Zinke, 2002; Figure 1).

In hydrocarbon fields, fluid injection is a tested practice to increase pore pressure and
consequent hydrocarbon production. This technique has in rare cases resulted in the
occurrence of major induced seismic events (a summary can be found in Rutqvist &

Stephansson, 2003), but, when induced seismicity has occurred, it has caused significant



social anxiety (Dost & Haak, 2007; Majer et al., 2007), even when ground motion was not
severe. Therefore, within GCS projects, induced seismicity is of concern especially when
dealing with public acceptance of the technology (Oldenburg & Birkholzer, 2010). The
cancellation of the GCS experimental project by Shell in Barendrecht, NL, is one of several
such instances (Pals, 2010). A magnitude 3.4 event induced by fluid injection at 3 km depth
forced the shutdown of the Basel (Switzerland) Hot Dry Rock geothermal project (Dannwolf

& Ulmer, 2009).

To ensure better distribution of information to the public and more widespread acceptance
of the technology, local governments will likely demand quantitative evaluations of seismic
hazards and risks caused by GCS operations. In this regard, the question to be answered is:
what would be the maximum earthquake magnitude potentially induced by any particular

CO, storage operation?

Studying induced seismicity near Denver during the Rocky Mountains Arsenal deep well
injection, McGarr (1976) found how the sum of the seismic moments during the three years
of injection (1962-1965) can be related to the amount of fluid injected during the same
period (McGarr, 1976). Shapiro et al. (2007; 2010) attempted to infer earthquake magnitude
during fluid injection by studying how these magnitudes are related to size, distribution, and
frequency of pre-existing rock discontinuities, and to injection pressures. They found that
the number of earthquakes greater than a given magnitude increases with increasing
injection pressure. Shapiro et al. (2010) introduced a “seismogenic index” which is linked to
the expected level of seismic activity at a given fluid injection site, independent of injection
parameters. Cappa and Rutqgvist (2011 a, b) analyzed theoretical case studies of seismic
energy releases in response to fault slip. Their work focused on major faults with length L > 2

km and large offsets.



In the context of mitigating climate change, large amounts of CO, need to be injected in
target formations (brine aquifers or depleted oil and gas reservoirs), involving areas that
could be significantly larger than, say, 10 km in radius (Birkholzer & Zhou, 2009; Pruess,
2003; Court, 2011). Such injections may be located away from known major faults or, if
major faults are present, seismic hazard could be reduced by, for instance, production of
brine (e.g. Court et al.,, 2011). Here, we present a method for inferring earthquake
magnitudes induced by the activity of minor faults that may remain undetected through
both geological and geophysical investigations during the GCS site-screening phase (Figure
2). In fact, it is likely that, over the vast magnitude required for GCS, undetected faults will
be intercepted by the pressure-buildup fronts developed during CO, injection at various

sites.

In this paper, we first provide a review of fault hydrodynamic properties that could influence
fluid accumulations. Then, we describe how small faults may influence reservoir strain under
regional extension, in order to give an estimate of maximum size of undetected faults. We
calculate expected earthquake magnitudes for these faults using empirical magnitude-
versus-size relationships. Finally, we compare these results with TOUGH-FLAC (Rutqvist et
al., 2002) numerical models of coupled fluid flow and rock mechanics during CO, injection,
for different hydrodynamic properties of, and stresses acting on, small, potentially

undetectable faults.

2 Hydrodynamic Properties of Faults

In a GCS project, CO, is injected into a permeable formation, typically sandstone or
carbonate, overlaid by a less permeable cap rock, such as shale or anhydrite, that inhibits
upward migration of CO,. During CO, injection, native pore fluid(s) within the porous
medium are displaced by the injected CO, either laterally (e.g. Nicot, 2008) or vertically (e.g.,

Birkholzer et al., 2011; Oldenburg & Rinaldi, 2011). Pressure perturbations will travel more



rapidly and extend to distances much greater than the CO, plume itself (e.g., Zhou and
Birkholzer, 2010). Therefore, faults that cannot be resolved by standard seismic imaging can
potentially be encountered at any distance from the injection well by the advancing

pressure-buildup front.

2.1 Fault-normal Transmissivity

In oil and gas reservoirs, faults usually act as barriers of different strength to the horizontal
and vertical flow of hydrocarbon. For production modeling, specific fault-zone hydraulic
properties are incorporated into flow simulators using transmissivity multipliers derived
from known rock properties, as well as from estimations of damage-zone permeability and
thickness (Manzocchi et al., 1999; Yielding et al., 1997). Different methodologies are also
used for predicting fault sealing potential within sandstone/shale sequences (e.g., Bouvier et
al., 1989; Antonellini & Aydin, 1994). One such methodology is based on the Shale Gouge
Ratio (SGR; Yielding et al., 2010). This methodology uses the average clay content of the
layers that have slipped past each other on the opposite side of a fault in order to evaluate
fault-gouge composition (Figure 3). Clay minerals provide sealing properties to a fault when
they are in excess of 15-20% in the gouge; i.e., SGR > 0.15-0.2 (e.g., Antonellini & Aydin,
1994). Fault-gouge permeability data from reservoir and outcrop samples suggest a general
decrease in fault-zone permeability with increasing shale content in the faulted rock-
sequence, and large variations in permeability at any given shale content. The higher the
fault throw the finer the fault breccia and the lower the fault zone permeability. Child et al.
(2009) and Manzocchi et al. (2010) relate fault-gouge thickness to fault throw in subsurface
faults. Figure 4 summarizes data of fault properties as a function of SGR and fault throw.
These data suggest variations of at least two orders of magnitude in determining the fault

hydrodynamic properties.



2.2 Fault-parallel Permeability and Fault-constrained Hydrocarbon
Accumulations

Fault-zone porosity studies, measured flow rates, large differences in fluid potentials of
juxtaposed layers, and fault-bounded hydrocarbon accumulations, all suggest that fault
zones are not efficient means for the vertical transfer of fluid. On the other hand, fault-zone
mineralization, lowered fluid potentials, and thermal and salinity anomalies along fault
zones are evidence of faults acting as preferential paths for vertical fluid migration (Hooper,
1991 and references therein). In the past, it was argued that the sealing or non-sealing
capacity of a fault depended solely upon the permeability of the fault-gouge zone, and that
vertical flow was largely dominated by Darcy’s law within the gouge matrix (e.g., Smith,
1966). However, when permeability is very low, as in shale, and capillary pressure becomes
extremely high (as in the case of two-phase CO, and brine flow), different mechanisms, such
as fracture or fault-slip enhanced permeability, must provide preferential pathways for fluid

migration (Finkbeiner et al., 2001).

Barton et al. (1995) present strong evidence, from wells drilled in crystalline rock, that faults
optimally oriented for shear failure (critically stressed) have increased permeability and
conduct fluid along their planes. Non-critically stressed faults, in contrast, appear to provide
no fluid migration pathways. Hooper (1991) presents the concept of periodic fluid flow along
growth faults within sedimentary basins, for which fluid motion is discontinuous, being
restricted in time and space: when faults are active they concentrate fluid flow while, when
inactive, flow becomes restricted. This concept of periodic flow is similar to Sibson's fault-
valve behavior (Sibson, 1990), but, while the latter is equally valid for different tectonic
environments, the former focuses on extensional environments, which are of particular
interest for GCS operations, a significant fraction of which are likely to be sited in settings

with extensional stress regimes.



Sedimentary basins form in areas of rapid terrigenous sedimentation and subsidence. They
are most often characterized by normal faulting, where the overburden stress represent the
maximum principal stress. Pore pressures in compacting shales are expected to be higher
than in the interbedded sandstone layers, because of their low permeability and consequent
poor drainage of connate water. When shales become juxtaposed with sandstone layers
across faults, ideal structural traps for hydrocarbons may be formed (Finkbeiner et al., 2001;
Yielding et al., 2010). In these situations, the sealing capacity of the fault plane at the top of
and along the sand layer dictates the thickness of hydrocarbons that can be supported by
the trap: the pressure at the top of the sandstone can potentially be higher than that in the
shale above. In a GCS project, during injection near an undetected fault, the potential pore-
pressure buildup aside the fault in the injection zone would gradually increase, reducing the
effective stress normal to the fault surface (Equation 1), eventually leading to fault slip at the
top of the permeable layer. In turn, fault slip and transient permeability increase would

induce fluid migration, pore pressure reduction and system re-equilibration.

2.3 Fault Activity and Gas Leakage during Earthquakes

The concept of periodic flow along faults, applied predominantly to compressional tectonic
environments (cf. Sibson, 1990), is in principle able to explain gas concentration anomalies
(mainly Radon and CO,) in proximity to the outcrops of active faults, before the occurrence
of major natural earthquakes (cf. Chyi et al., 2005; and Singh et al., 2010). Radon (and CO,)
anomalies have been used for potential earthquake predictions since the early 1970s
(Ulomov & Mavashev, 1967; Talwani et al., 1980; Kumar et al., 2009). The emissions of these
gases are characteristic of active faults, and are a function of fluid availability and tectonic
setting (Richon et al., 2010; Mazzoldi, 2004). However, the presence of soil and sediments
covering fault outcrops at the surface frequently inhibits the detection of anomalies (Richon

et al., 2010).



It is not yet clear whether an anomaly can always be correlated to a major earthquake, as
the stress accumulation causing the anomaly may be released aseismically or through many
minor events (e.g., Friedmann, 2011), complicating the process of issuing warnings to the
public. In April 2009, a researcher detected high fluxes of radon and CO, near outcrops of a
normal fault that, a few days later, generated a magnitude 6.3 earthquake, with more than
300 fatalities, in the L'Aquila region (Central Italy; EERI, 2009). The study of radon fluxes
from the ground cannot reliably be used as an earthquake predictor, although if an anomaly
is detected in an area with a known major fault during a known active phase, alerting
appropriate government agencies appears to be a useful cautionary measure. In relation to
CO, injection and storage, observations of leaking gases before or during earthquakes may
provide additional evidence for increased fault permeability and reactivation (seismic or

aseismic).

3 Faults Size, Areal Distribution, and Seismic Potential

Small faults by far outnumber large faults, with the areal density of fault size generally
described by power-law relationships (Gauthier & Lake, 1993; Torabi & Berg, 2011). Through
the study of exposed normal faults in outcrops of Cretaceous carbonates in Texas, Morris et
al. (2010) found that there is a correlation between fault frequency and bulk extensional
strain. In particular, the largest 30% of a total fault population accommodates more than
70% of total extension (Figure 5). Similar power-law relationships describe fault-size
frequency in reservoirs of different lithology (e.g., Hesthammer & Fossen, 1997; Torabi &
Berg, 2011). These relationships can support predictions of small-faults distribution, density,

size and displacement (Morris et al., 2010; Ferrill & Morris, 2003).



3.1 Dimensions of Seismically Undetected Faults

Field observations indicate that there is a correlation between the maximum amount of
shear displacement on a fault (D) and the length of the fault trace (L) (Cowie and Scholz,
1992; Dowrick and Rhoades, 2004; Ferrill et al., 2008; Schlische et al., 1996). Within a
particular setting, faults have consistent D/L ratios, suggesting that they are scale-invariant
(D/L is constant) (Dawers et al., 1993; Kim & Sanderson, 2005). Empirical studies show how
D/L ratios of normal faults, regardless of rock type, range primarily between 10" and 107
(Kim & Sanderson, 2005; Schultz & Fossen, 2002), depending on the ratio between rock yield
strength and shear modulus (Gupta & Scholz, 2000). Therefore, these ratios are
characteristic of geo-dynamical setting and site history (Dowrick and Rhoades, 2004).

Seismic reflection surveying is considered to be unable to resolve faults with D <10 m
(Gauthier & Lake, 1993; Kim & Sanderson, 2005). Consequently, in order to evaluate a
worst-case scenario for seismic energy release, the vertical extent L of the largest
undetected fault, derived from a low D/L ratio (=107?), is L = 10> m. In turn, fault dimensions
and “singular event” displacement determine the magnitude of potential seismic events (as
explained in the following section). Due to seismic data quality, in the case of older surveys,
the 'undetected faults' could actually be larger than what we have estimated above. In fact,
a major undetected, buried (not reaching the surface) fault is thought to have been
responsible for the 1994 Northridge 6.7 magnitude earthquake in Southern California

(Chavez-Perez & Louie, 1997).

3.2 Magnitude-versus-size Formulas and Events Induced by Non-
detectable Faults

Earthquake magnitudes and intensities are correlated with fault rupture parameters such as
rupture area and displacement (Bath, 1981; Giampiccolo et al., 2007; lida, 1959).

Accordingly, paleoseismic and geologic studies of active faults focus on evaluating these



parameters, which are then translated into estimates of earthquake intensities
(Abercrombie, 1995; Shaw, 2009).
The seismic moment (M) of an earthquake is defined as a function of fault rupture (Hanks &

Kanamori, 1979) by
Mg = 77Dgjne A (2),

where n is the shear modulus of the host rock, Dgcis the average displacement across the
fault surface during a single event, and A is the area of the fault-surface rupture. In turn, M,

is directly related to magnitude (M) (Wells & Coppersmith, 1994) by
2
M =§[|Oglo(|\/|o)—9.l] (3).
Therefore:

M =§[|0910(T7D5|NGA)—9-1] (4).

Ferrill et al. (2008) explored the Dgys/L ratio for single earthquake events induced by normal
faults with a rupture length range of 10>-10® m, in a data set from the Newberry Springs
Fault Zone, USA. They found that ruptures along this fault zone have an average Dgg/L = 8 x
10”. If we can approximate the average displacement-to-length ratio during single events
for the faults under consideration to be 10, ruptures with L = 10* m have Dgys = 0.1 m.

Substituting these values into Equations (2) and (4), we find:
M, =3 x10°x 0.1 x t x 500° = 2.35 x 10 ** (Nm)

M =359

where 3 x 10 is the shear modulus (Pa), 0.1 (m) is the single-event fault displacement, and

500 is the radius of the fault (r = L/2, m), which for simplicity is assumed to be circular.



4 Coupled Fluid Flow and Geomechanical Modeling in 2D

The relative motion of the fault walls is primarily influenced by the local stress conditions—
that is, by the values of the principal stresses o; > 0, > 0;. For our 2D simulations of normal
faulting, we assume that o; and o3 are on the X/Z reference plane and equal to the vertical
(oy) and horizontal (oy) stresses, respectively. The values of the stress components normal
(0,) and parallel (shear, 1) to the fault plane, defining the stress conditions at the fault

surface, are given by:

r=2"%gin2s (6)
2
=110 91”05 44p5 (7)
2 2

where 6 is the angle between the fault plane and the direction of o0;. The ease of
reactivation of existing faults varies with their specific orientation relative to the local 3D
stress field (e.g., Sibson, 1990): the generalization of these equations to this case is not
difficult, but for the purpose of this study our 2D formulation is considered sufficient. 2D
stress analysis and strain simulation allow us to neglect the effect of o, on the overall strain.
In order to estimate the maximum pressure buildup sustainable by faults not favorably
oriented for slippage, the intermediate stress is accounted for by increasing the value of the

stress normal to the fault surface (see below).

We analyze the effects of varying permeability and mechanical conditions at the fault plane
(initial regional state of stress, 0,/0,) on the total amount of slip on the surface in order to
estimate the energy released and magnitude of the seismic event as a response to the
increase in pore pressure. For this analysis, we use a coupled implementation of the TOUGH
fluid-flow simulator and the FLAC geo-mechanical simulator (Rutqvist et al., 2002; Cappa and

Rutqvist, 2011a).

Common to all the simulations is a 1 km long normal fault crossing the target GCS reservoir



near its mid-length, at a depth of about 1,500 m and at a horizontal distance from the
injection well of 500 m; the fault is inclined at 10° with respect to vertical (Figure 6). The
idealized trap-system is characterized by 150 m thick shale with permeability k¢, = 10" m?,
above (cap rock) and below the target 100 m thick sandstone reservoir, with permeability
Kag = 10" m? The system is considered isothermal, with temperature and pressure
gradients respectively of 25 °C km™ and 9.81 MPa km™. The horizontal and vertical
permeabilities of rock units and of the fault gouge at different layers are assumed equal;
other rock and fault characteristics are given in Table 1. On the fault plane, the permeability
in the sandstone section is k4, wWhile in the shale sections it is kr.cq,. A positive difference
between kr.,q and krc,, equal to or greater than two orders of magnitude makes the fault in
the sand hydraulically invisible from the injection well (i.e., it does not represent a flow
barrier): under these conditions, the CO,/brine flow may easily cross the fault with minimal
pressure gradient across its surface. Thus fault slip and consequent energy release do not
occur. For our reference case, values of fault permeability were ke, = 10" m? in the fault

gauge of the sandstone and k., = 10™"® m? in the fault gauge of the shale.

The CO, is injected with a constant injection rate of 0.02 kg s™ m™ (Figure 6), similarly to
previous studies (e.g. Rutqvist et al., 2007, 2008; Cappa & Rutqvist, 2011b). The
computational domain was set open to fluid flow, except for the left boundary where no
flow conditions were set. The left boundary was constrained to allow displacements in the
vertical direction only, while the bottom boundary was constrained to allow displacements

in the horizontal direction only (Figure 6).

We made two sets of runs. In the first set, permeability values were decreased from the
reference case to kg = 10™° m” and ke.c, = 10" m?, and to kray = 10 m? and kr.cop = 10°
¥ mZ In the second set, we kept permeability values at the reference-case value, varying the

ratio of horizontal to vertical stresses (0./0, ), which describes the state of stress in the

model volume, from 0.7 in the reference case, to the values of 0.67 and 0.65, in order to



consider changes in stress conditions at the fault surface. This is practically equivalent to
varying the dip of the fault or, in a 3D geo-mechanic environment, to considering normal
faults whose plane is not parallel to o,. In our 2D simulations, in which the fault is not
allowed to have any strike-slip component of strain, this situation may represent the stress
conditions on a fault plane, created as a response to an older stress field, and not favorably

oriented for reactivation in the current stress field.

Results of the simulations quantify the amount of seismic energy released by the slipping
fault and are represented in Figures 7 and 8, in terms of pore-pressure changes and amounts
of slip for the two cases considered in each set of trials, plus the reference case. In the first
series of runs (Figure 7), only a fraction of the fault surface is subject to slip in proximity of
the contact between cap rock and aquifer. Over the range of fault permeability considered,
results indicate no significant impact of permeability on fault slip, stress drop, and energy
release, but do show variations in the timing of rupture. These scenarios may generate

seismic events with a magnitude of about 2.7.

The second set of simulations considers changes in stress ratio (0,/0y ), as shown in Figure 8.
The results indicate that different amounts of pressure buildup can exist long before
slippage occurs for different stress-conditions at the fault surface (Figure 8a). Also, the
magnitude of slip and rupture length involved depends on the stress ratio, with larger events
triggered for smaller ratios (Figure 8b). In the worst-case simulated scenario, magnitude
reached a maximum value of 3.63, consistent with the one calculated using empirical
relations (Equation 4) and with the assumption of rupture extending over the entire fault
length.

Figure 9 represents conditions of shear stress and shear strength immediately before and
after the slip on the fault plane (for simplicity, only the reference case is shown). Shear

strength is reduced by the increased pore pressure, resulting in a minimum value at the top



of the reservoir. The shear stress also changes before failure across the thickness of the
aquifer (Figure 9b, blue line). These changes are caused by poroelastic effects occurring
within the aquifer, as the pressure increases (i.e., reservoir swelling). The sum of the two

effects results in a rupture that nucleates at the bottom of the reservoir.

5 Discussion

The first set of simulations suggests that the maximum amount of pressure buildup
(reduction of shear strength) that can be sustained by a fault before slippage is related to its
permeability: high values of kr,, do not allow for pressure buildup, inhibiting fault
reactivation. Differences in values of aquifer and cap-rock permeability, though, do not
affect the extent of fault surface undergoing slippage and the consequent magnitude of the
event).

The second set of simulations illustrates how the maximum earthquake magnitude caused
by undetected faults depends on the geometrical relationships between the fault and the
principal stresses, for any given geological condition. From Figure 8, it is clear how, in our 2D
simulations, a fault which is not favorably oriented for reactivation would stand a higher
value of pressure buildup accumulation and, when slipping, would accommodate less strain,

thus releasing less energy.

Analogously to oil traps (e.g., Finkbeiner et al., 2001), the transmissivity of a fault and its
state of stress control the thickness of the CO,/brine column that could accumulate under
the cap rock-fault plane trap. This thickness is proportional to the maximum pressure
buildup that could eventually develop on the fault plane, before the fault ruptures and slips.
When undetected faults (e.g., faults with D £ 10 m) intersect a sand reservoir (where SGR <
0.15) interbedded within shales (with SGR > 0.4), the low permeability (transmissivity) of the
fault plane within the sandstone may be limited to its upper and lower parts (~10 m), where
the clay minerals (phyllosilicates) are smeared onto the sand along the fault contact - even

though the overall transmissivity of the fault could still remain relatively high and little



pressure build up could occur. However, for critically stressed faults, the pressure buildup on
the upper part of the fault plane through the target reservoir may be enough to cause fault
rupture and slip along its entire surface. Therefore, the maximum magnitude of the induced
earthquake is limited by fault length (about 1 km for our case), to a value of about 3.6. While
this would not be considered a major earthquake and probably would not cause significant
damage to surface structures, it would likely alarm the local population, if the GCS injection
is located sufficiently near an inhabited area. In addition, over a longer time scale, the
enhanced permeability along the fault planes, during active phases, could impact the
performance of a sequestration project, allowing for CO,/brine leakage and potentially
affecting the surface environment. It should be noted that shallower Underground Sources
of Drinking Water (USDW, Oldenburg et al., 2009) may not be intersected by small,
undetected faults which cut the storage reservoir near the middle of their length (as in our
simulations). Consequently they may not be susceptible to contamination from stored CO,

or brine.

6 Conclusions

e Faults can be leakage paths for fluids from inside the Earth's crust. In accordance with
the concepts of fault' valve behavior (Sibson, 1990) and periodic fluid flow along faults
(Hooper, 1991), the vertical permeability of a fault plane through a shale cap rock is
dependent on its stress conditions and on the total amount of pressure that can
accumulate on the fault, for given stress conditions - which in turn is a function of fault
transmissivity. The potential for a fault to become conductive to flow during periods of
activity can account for gas anomalies sometimes recorded near fault outcrops before
large natural seismic event (e.g., L'Aquila 2009). In spite of their limited extents and
throws, minor undetected faults can act as baffles to fluid flow and become sites of

pressure buildup, with the potential for consequent release of seismic energy. Precise



characterization of target aquifers is of importance for GCS, both in terms of induced
seismicity potentials and efficiency of the sequestration system (lack of leakage).

e The maximum magnitude of an earthquake generated by a fault which is small enough
(e.g., 1 km length, as considered in this study) to be undetected by current surface
geophysical investigations and caused by pore pressure increase due to CO, injection is
unlikely to be characteristic of a major event (7 < M < 7.9), but rather of a minor event
(2<M<3.9);

e Minor faults considered in this research have a limited extent and probably would not
reach upward all the way to Underground Sources of Drinking Water (USDW). In
addition, these faults would not cut a thick (e.g., > 500 m) cap rock through its entire

thickness.
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Table

Table 1. Rock characteristics considered in the simulations

Parameters Stor.age Cap rock Upp.er Basarl Fault
Aquifer Aquifer Aquifer
Young’s modulus, E (GPa) 10 10 10 10 5
Poisson’s ratio, v (-) 0.25 0.25 0.25 0.25 0.25
Rock density, ps (kg/m3) 2260 2260 2260 2260 2260
Biot’s coefficient, « (-) 1 1 1 1 1
Friction angle, ¢ (°) - - - - 25
Dilation angle, w(°) - - - - 20
Porosity, ¢ (-) 0.1 0.01 0.1 0.01 0.1
Permeability, k (mz) 1x1073 1x10™ 1x10™ 1x10™*®  Variable (see text)
Residual gas (CO,) saturation (-) 0.05 0.05 0.05 0.05 0.05
Residual liquid saturation (-) 0.3 0.3 0.3 0.3 0.3
Van Genuchten (1980), P, (kPa) 19.9 621 19.9 621 19.9
Van Genuchten (1980), m (-) 0.457 0.457 0.457 0.457 0.457
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Figure 1. A simple and efficient method for determining the stability of a rock: the Mohr circle and the
effective stress law relates fluid pressure to regional stresses acting on a fault and to the limit for
slippage. An increase in pore pressure can cause slip along pre-existing faults by reduction of the
effective normal stress on the fault plane.
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Figure 2. Schematic representation of a domal structure which is being used for CO, sequestration. Note
the difference in extension between the plume of the injected CO,, the pressure buildup and potential
interactions with major and minor faults (Rutqvist, 2012).
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Figure 3. A schematic representation of Shale Gouge Ratio, as conceptualized by exploration geologists.
Image modified from Yielding et al. ( 2010)
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Figure 4. The two graphs relate a) across-fault permeability to SGR and b) fault-zone thickness to
displacement. Data are from a variety of locations (Figure 2 in Manzocchi et al., 1999). Also plotted are
synthetic values generated using Equation 2 for permeability and the relation t; = D/66 to define a
median fault gouge thickness value (Manzocchi et al., 1999).
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2010).
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Figure 7. Results of pressure change and slip amount of the fault walls in simulations with TOUGH-FLAC,
for the fault considered. The different curves represent different values of ke.n, and ke.cq, at the fault
surface. Reported are values for length of slipping ruptures, magnitude of the seismic events generated,
and time (tg) at which the rupture occurs. “Rupture” is the length of fault rupture in [m].
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Figure 8. Results of simulations analyzing the response of fault slip to changes in value of stress at the
fault surface, considering ratios oy/o0, equal to 0.7 (Base case), 0.67 and 0.65. Highest resulting values
are for faults nearest to critical-stress state. Values of length of the rupture involved in the slip and
consequent energy released are also reported, [m].
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