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In the light of current concerns related to induced seismicity associated with geological carbon
sequestration (GCS), this paper summarizes lessons learned from recent modeling studies on fault
activation, induced seismicity, and potential for leakage associated with deep underground carbon di-
oxide (CO2) injection. Model simulations demonstrate that seismic events large enough to be felt by
humans require brittle fault properties and continuous fault permeability allowing pressure to be
distributed over a large fault patch to be ruptured at once. Heterogeneous fault properties, which are
commonly encountered in faults intersecting multilayered shale/sandstone sequences, effectively reduce
the likelihood of inducing felt seismicity and also effectively impede upward CO2 leakage. A number of
simulations show that even a sizable seismic event that could be felt may not be capable of opening a
new flow path across the entire thickness of an overlying caprock and it is very unlikely to cross a system
of multiple overlying caprock units. Site-specific model simulations of the In Salah CO2 storage
demonstration site showed that deep fractured zone responses and associated microseismicity occurred
in the brittle fractured sandstone reservoir, but at a very substantial reservoir overpressure close to the
magnitude of the least principal stress. We conclude by emphasizing the importance of site investigation
to characterize rock properties and if at all possible to avoid brittle rock such as proximity of crystalline
basement or sites in hard and brittle sedimentary sequences that are more prone to injection-induced
seismicity and permanent damage.
� 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Fault activation and induced seismicity associated with
geological carbon sequestration (GCS) have in recent years become
an intensively studied topic (Rutqvist, 2012). Concerns are mostly
related to the potential for triggering notable (felt) seismic events
and how such events could impact the long-term integrity of a
carbon dioxide (CO2) repository, as well as how they could impact
the public perception of GCS (Fig. 1). The issue of induced seismicity
has received broader attention among GCS stakeholders since 2012
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when two high-profile publications appeared. First, in a study
requested by the U.S. Government, The National Research Council
(2012) concluded that projects involving large net volume of fluid
injection and/or extraction of over long periods of time (such as
GCS) may have the potential to induce large seismic events, though
there was not sufficient information for understanding this po-
tential for GCS, because no large-scale projects were yet in opera-
tion. Second, Zoback and Gorelick (2012) warned for the high
probability that earthquakes would be triggered by injection of
large volumes of CO2 into the brittle rocks commonly found in
continental interiors. They concluded that large-scale GCSwould be
a risky and likely unsuccessful strategy for significantly reducing
greenhouse gas emissions to the atmosphere, because even small-
to moderate-sized earthquakes could threaten the seal integrity of
CO2 repositories. These views have since been debated and
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Fig. 1. Schematic of CO2-injection-induced fault reactivation and potential impact on
surface structures and human perception (Rutqvist et al., 2014).
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questioned by some other researchers such as Juanes et al. (2012)
and Vilarrasa and Carrera (2015).

In their article, Zoback and Gorelick (2012)mentioned reservoir-
induced earthquakes associated with dam construction and water-
reservoir impoundment as a good analog for the seismicity that
potentially could be induced by large-scale CO2 injection, because
both activities cause pressure changes that act over large areas and
are persistent for long periods. They also listed a number of recent
small-to-moderate seismic events in the U.S. that seem to have
been triggered by deep waste-water injection, referring to the
critically stressed nature of the Earth’s crust, which suggests that a
subset of preexisting faults in the crust is potentially active in the
current stress field almost everywhere in the continental interior
(Zoback and Zoback, 1989). Because of the critically stressed nature
of the crust, fluid injection in deep wells may induce earthquakes
when injection increases the pore pressure in the vicinity of
potentially active faults.

Since these two publications in 2012, concerns have been
further amplified by the recent surge of injection-induced seis-
micity in the mid-continental U.S. as a result of waste-water in-
jection (Ellsworth, 2013; Keranen et al., 2014; McGarr et al., 2015;
Weingarten et al., 2015). In many of these cases, injected waste-
water fluids seem to have communicated from the target forma-
tion to greater depth along preexisting faults, as evidenced by
earthquake locations in the crystalline basement (Horton, 2012;
Zhang et al., 2013; Verdon, 2014; Hornbach et al., 2015; McGarr
et al., 2015). Vilarrasa and Carrera (2015) suggested that this
higher rate of induced seismicity in the crystalline basement is a
result of the deviatoric stresses that tend to be higher in the stiff
basement rocks compared to the softer overlying sediments.
Highlighted herein is also the critical importance of brittle-versus-
ductile rock properties that could be decisive on whether fault
activation induced by deep underground CO2 injection could result
in a felt seismic event and permanent damage to the CO2 repository
seal.

In the light of these concerns, this paper summarizes lessons
learned from recently published modeling studies on fault reac-
tivation associated with CO2 injection into deep sedimentary for-
mations. The model simulations were conducted using a coupled
multiphase fluid flow and geomechanics numerical model
(Rutqvist, 2011) applying deterministic modeling of a fault with
evolving frictional coefficient that enables the simulation of sudden
(seismic) fault rupture. In some cases, the modeling was extended
to include the entire chain of processes of CO2 injection, reservoir
pressurization, dynamic fault-reactivation-induced seismic source,
wave propagation, and ground motion. Finally, we summarize the
results and lessons learned from modeling of injection-induced
deep fracture zone responses at the In Salah CO2 storage site, and
conclude with recommendations to minimize the potential of
induced seismicity and damaging geomechanical changes during a
GCS operation.

2. Lessons learned from generic fault activation studies

In this section, we summarize lessons learned from generic (not
site-specific) modeling studies on potential fault activation,
induced seismicity and leakage associated with CO2 injection into
deep underground sedimentary formations. The model simulations
were conducted using the TOUGH-FLAC simulator (Rutqvist et al.,
2002; Rutqvist, 2011) which is based on linking the TOUGH2
finite-volume code for the simulation of multiphase fluid flow
(Pruess et al., 2012) with the FLAC3D finite-difference code for the
simulation of geomechanics (Itasca Consulting Group, 2011). The
TOUGH-FLAC simulator was first applied for deterministic
modeling of fault activation in Rutqvist et al. (2007) and in the
modeling of the 1960s Matsushiro earthquake swarm by Cappa
et al. (2009). Later, Cappa and Rutqvist (2011a) further tested the
TOUGH-FLAC simulator with the deterministic fault activation
model using different fault mechanical approaches, including rep-
resentation of faults by slip interfaces or finite-thickness elements
with isotropic or anisotropic elastoplastic constitutive models.
Cappa and Rutqvist (2011a) then utilized the finite-thickness fault
element approach coupled with a strain-permeability model to
show the important role of shear-enhanced permeability in prop-
agating fault instability and permeability enhancement through the
overlying caprock. The TOUGH-FLAC simulator with such fault
activation modeling approach has since been applied in a number
of studies, in which the constitutive models for fault permeability
and friction have been further developed, including slip-weakening
and slip-rate dependent friction. In the following subsections, the
main findings and lessons learned from these generic simulation
studies are summarized.

2.1. Simulation of a felt seismic event on a major fault

Results from Cappa and Rutqvist (2011b) are presented as an
example to illustrate what it takes to create a seismic event that
might be felt by humans on the ground surface. Fig. 2a shows the
model geometry and Fig. 2b the fault friction model. Details on the
modeling input including material properties can be found in
Cappa and Rutqvist (2011b). A strain-softening fault constitutive
mechanical model was used as it enables modeling of sudden
(seismic) fault slip. Using this approach in a quasi-static mechanical
analysis in FLAC3D, discrete events of fault activationweremodeled
and the associated seismic moment magnitude was estimated



Fig. 2. (a) Numerical model geometry and initial conditions. We assumed a normal fault with a 125 m offset through a 100 m thick reservoir bounded at the top and the bottom by a
150 m thick caprock. (b) A plastic shear strain-weakening friction law that governs the propagation of rupture along the fault zone (modified from Cappa and Rutqvist, 2011b).
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through seismology relationships by Kanamori and Anderson
(1975) and Hanks and Kanamori (1979). That is, the co-seismic
(unstable) slip that occurs in the mechanical calculation from one
fluid-flow time step to another was used to calculate the seismic
moment and moment magnitude from the product of the rupture
area, the average shear displacement, and the rock shear modulus.

One of the key parameters in the modeling of fault activation
and associated rupture size is the coefficient of friction and its
evolution with shear slip. Most commonly in these generic
modeling studies, a slip-weakening model is applied, in which the
coefficient of friction drops from a peak (static, ms) value of 0.6 to a
residual (dynamic, md) value of 0.2 over some pre-defined (very
small) slip displacement. In most cases, this slip-weakening
behavior is modeled using the finite-thickness fault elements,
anisotropic Mohr-Coulomb plasticity, with strain-softening coeffi-
cient of friction over a certain critical shear strain ( 3Pc in Fig. 2b). As
discussed in several papers (e.g. Rutqvist et al., 2014), these values
of coefficient of friction adopted for input to the numerical model
are uncertain and can be considered as one set of possible pa-
rameters displaying a relatively large difference between peak and
residual frictions designed for generating a reasonable injection-
induced seismic event for these generic fault activation studies.

Fig. 3 shows the simulation results of an injection-induced
Mw ¼ 3.4 seismic event that occurred as a result of fault activa-
tion at 1.5 km depth (Cappa and Rutqvist, 2011b). This modeling
case considered a fault with a pre-injection shear displacement
offset (throw) of 125 m, which provides an unfavorable case where
fluid pressure builds up only on one side of that fault. Such one-
sided pressure buildup creates increased shear stress across the
fault along with reduced normal effective stress and fault shear
strength (Fig. 3b). Fig. 3a shows that after about 90 days of injection,
the fault reactivates with about 8 cm shear slip. A fault section of
385 m was instantaneously ruptured once the reservoir over-
pressure exceeded 10MPa (Fig. 3b and d). AMw ¼ 3.4 seismic event
is equivalent to the maximum magnitude of the earthquakes that
were induced at the well-known Basel geothermal project, which
were felt by the local population and caused the closure of the
project due to public opposition (Häring et al., 2008). In Fig. 4, the
results for simulations at different initial stress states (ratio be-
tween horizontal and vertical stresses being sh/sv ¼ 0.6, 0.7 and
0.8) were related to other field data from both natural and
injection-induced seismicity. Fig. 4 shows that an event with
magnitude of 4 would require a source radius in the order of 1 km.
Overall, the simulation results in Cappa and Rutqvist (2011b)
showed that the size of the rupture area, and consequently, the
earthquake magnitude and energy are strongly dependent on the
initial horizontal-to-vertical stress ratio and also somewhat
dependent on fault permeability. That is, if the fault permeability is
higher, the seismic events induced tended to be slightly larger. We
also note that even in the case of the highest shear stress, the
modeled fault is still not critically stressed on the verge of shear
failure, meaning that a certain overpressure is required to trigger
fault activation and seismicity. The fact that seismicity was trig-
gered in these cases is a result of the slip-weakening (strain-soft-
ening) fault model, which assumes brittle fault behavior in these
deep sedimentary formations.
2.2. Maximum seismic moment magnitudes for undetectable faults

Mazzoldi et al. (2012) discussed the possibility of bounding the
maximum seismic magnitude that could occur for faults that might
have gone undetected during the site characterization process. An
undetected fault was envisioned as a fault with a shear offset
(throw) of less than 10 m, because such a fault might not be clearly
visible using the current industry-standard surface seismic survey.
Moreover, as described inMazzoldi et al. (2012), based on empirical
fault geometry data, a fault with 10 m throw could be expected to
be less than 1 km long. Therefore, the case of a 1 km long fault
having a small offset was analyzed and exposed to reservoir pres-
surization at a depth of 1.5 km (Fig. 5a). Compared to the case
described above, here the initial fault shear offset (throw) is small
compared to the thickness of the reservoir, and therefore the
reservoir is not completely bounded from hydraulic viewpoint. The



Fig. 4. Seismic scaling relationship after Viegas et al. (2010): source dimension (radius), seismic moment and magnitude. Red and black circles correspond to simulation results of
CO2 injection-induced fault reactivation by Cappa and Rutqvist (2011b).

Fig. 3. (a) Fault slip versus time at three points located at the top (1), middle (2) and bottom (3) of the reservoir, respectively (see Fig. 3b for the location). Snapshots of changes
(relative to the initial state) in (b) fluid pressure, (c) CO2 saturation, and (d) plastic shear strain at the end of the sudden slip event (after 90 days of CO2 injection). Black circles in (b)
are control points used to compare the simulation results (modified from Cappa and Rutqvist, 2011b).
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Fig. 5. Results of simulations analyzing the response of fault slip to changes in value of stress at the fault surface in the case of a minor (1 km long) fault (Mazzoldi et al., 2012),
considering stress ratios equal to 0.7, 0.67 and 0.65. Highest resulting values of moment magnitude and rupture length are for faults exposed to stress nearest to instability. (a)
Model geometry, (b) pressure change at rupture, and (c) co-seismic slip for the three different stress ratios considered.
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fault will act as a flow barrier only if its cross-fault permeability is
small compared to that of the reservoir.

A permeability distribution along the fault was adopted based
on geological evidence in this TOUGH-FLAC numerical modeling.
For example, permeability of the fault section within the caprock
was set to be orders of magnitude smaller than that of the fault
section within the sandstone. Simulations showed that only in the
case of fault permeability at least two orders of magnitude lower
than that of the sandstone aquifer, it is possible to obtain a suffi-
cient absolute pressure increase for the given injection rate and
cross-fault pressure gradient with associated cross-fault shear
stress that could trigger fault reactivation. In the reference case, the
fault permeability kF-Aq ¼ 10�15 m2 in the fault gouge of the
sandstone layers and kF-Cap ¼ 10�16 m2 in the fault gouge of the
shale.

For a horizontal-to-vertical stress ratio of 0.7, the fault rupture
was about 310 m extending through the lower caprock, but not
through the upper one, because of the permeability differences in
the fault zone portionwithin the sandstone and the caprock, and a
difference in induced shear stress in the upper and lower cap-
rocks. The calculated moment magnitude Mw was about 2.7.
However, when the stress ratio was reduced to 0.65, the fault
ruptured in a self-propagating mode, and the entire 1 km long
fault ruptured (Fig. 5b and c). The magnitudeMw was estimated to
be about 3.6 in this case. Thus, when the fault is closer to being
critically stressed for shear failure (in this case, lowering the
horizontal-to-vertical stress ratio as a way of considering different
values of horizontal stresses, s2 and s3), the fault rupture could
self-propagate further outside the pressurized zone, and the
rupture was limited only by the length of the fault. The reason that
the fault rupture could self-propagate was that the residual shear
strength of the fault (for a residual coefficient of friction md of 0.2)
was close to the prevailing shear stress across the fault. A reservoir
overpressure of about 4 MPa was required to activate the fault at
peak shear strength (for a peak coefficient of friction ms of 0.47),
but, because of the strain-softening during shear rupture to a
residual shear strength value close to the prevailing shear stress,
the fault rupture could self-propagate outside the pressurized
zone.
2.3. Dynamic fault-activation response

Cappa and Rutqvist (2012) extended the previous quasi-static
analysis by Cappa and Rutqvist (2011b) to include fully dynamic
analysis of fault activation and seismic wave propagation generated
by the rupture. The case shown in Fig. 2a was considered with an
offset fault bounding the reservoir and a horizontal-to-vertical
stress ratio of 0.7. In this case, however, the depth was not 1.5 km
as shown in Fig. 2a, but was reduced to 1 km so that the top of the
model represents the ground surface. The modeling in Cappa and
Rutqvist (2012) involved a transition between the initial quasi-
static phase and the dynamic phase occurring during rupture.
Moreover, for this dynamic analysis, a refined mesh was used with
element sizes of 0.25 m along the rupture zone in order to resolve
the weakening process over the nucleation zone and to avoid
mesh-induced artificial reflections.

Fig. 6 presents a set of results related to the reactivation of the
fault by pressurization of the reservoir at 1 km. For the assumed
system and injection rate, the simulations showed that after 40
days of injection, a dynamic fault rupture nucleates at the base of
the CO2 reservoir. At the initiation of the fault rupture, the fluid
pressure had increased by about 7.5 MPa, i.e. achieving a total fluid
pressure of 17.5 MPa, which is a few megapascals higher than the
local initial minimum principal stress at 1 km depth.

The fault reactivation induces localized plastic shear strain
distributed over a length of about 290 mwith a maximum value of
4.5 � 10�3, in a portion of the fault just below the reservoir (red
zone in Fig. 6a). The full dynamic analysis showed that the rupture
self-propagated as a result of fault-strength weakening such that
the slip propagated outside the pressurized zone (Fig. 6a). The
rupture occurred over about 0.4 s with a maximum co-seismic
shear slip of about 4 cm (Fig. 6b) and a maximum slip velocity of
about 0.6 m/s (Fig. 6c).

Based on the calculated co-seismic fault rupture length and
mean shear slip displacement, the seismic moment magnitude Mw
was estimated using relationships from seismology as described
above. Assuming that the fault rupture takes place over a 1 km
section along the strike of the fault (i.e. 1 km out-plane fault length
from our two-dimensional (2D) model section), the moment



Fig. 6. Results from fully dynamic analysis of fault activation (Cappa and Rutqvist, 2012). (a) Plastic shear strain in the ruptured area and slip profile at the time of seismic rupture,
and evolution of (b) slip and (c) slip velocity as function of time at different control points along the fault (white triangles on (a)). The rupture starts at the bottom of the CO2

reservoir, near the control point 5.
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magnitude Mw is estimated as 3. Alternatively, if assuming a cir-
cular rupture area with the diameter equal to the 290 m rupture
length calculated from the plane strain analysis, the estimated
moment magnitude Mw would be 2.5. We note that the magnitude
in this case is a little lower than that for the previous analysis in
Cappa and Rutqvist (2011b) summarized above in which the
magnitudeMw was calculated as 3.4. The reason is the difference in
depth, which in the previous analysis in Cappa and Rutqvist (2011b)
was 1.5 km compared to 1 km in Cappa and Rutqvist (2012). At
1.5 km the absolute and differential stresses are higher, resulting in
a higher reservoir pressure required for reactivation and a larger
shear stress drop during reactivation.

The sudden fault rupture created a seismic source that generates
waves and wave propagation that was calculated in FLAC3D dy-
namic calculation mode solving the full equations of motion in a
fully nonlinear analysis (Cappa and Rutqvist, 2012). The generated
seismic waves are attenuated by geometric spreading, pore fluid
interaction, scattering, and a substantial dissipation which is
associated with plastic flow in the fault and hits the ground surface
resulting in a ground motion that was analyzed in Rutqvist et al.
(2014), as to be described in the next subsection.

2.4. Effects on surface structures and human perception

Rutqvist et al. (2014) extended the dynamic fault activation
study in Cappa and Rutqvist (2012), to analyze the simulated
ground motions in terms of the potential for damage to ground
surface structures and nuisance to the local human population.
Ground vibrations were monitored at 15 stations along the ground
surface in the model and the results were presented in terms of
ground acceleration and velocity, and how these are distributed
over multiple locations on the ground surface. In particular, the
values of the peak ground acceleration (PGA) and peak ground
velocity (PGV) were compared to U.S. Geological Survey’s (USGS)
instrumental intensity scales for earthquakes, and U.S. Bureau of
Mines (USBM) vibration criteria associated with construction and
mining activities, including blasting, as well as human perception
vibration limits. Vibration criteria related to construction and
mining activities, including blasting, were selected as a good analog
to injection-induced seismic events, because of their similarities in
terms of duration and frequency content (Bommer et al., 2006;
Dowding and Meissner, 2011; Majer et al., 2012).

Fig. 7a and b shows the horizontal components of ground mo-
tions at a locationwhere the fault intersects the ground surface and
at another location a few hundred meters away from the fault. The
blue, red and green lines represent different cases of a soft surficial
soil layer. The simulation results in Rutqvist et al. (2014) showed
locally strong PGA values up to 0.6 g close to the fault intersection
with the ground surface, whereas PGA values away from the fault
quickly attenuate to values below 0.1 g. A maximum PGV of about
40 mm/s also occurred close to the fault at the ground surface. We
can also see the effects of the surficial soil layer which tends to
damp some of the high frequency accelerations, meaning that the
highest acceleration values in Fig. 7a are related to the case without
a surficial soil layer and PGA ¼ 0.6 g at 30e40 Hz. We can also
observe in Fig. 7d a slightly higher PGV for a thicker soil layer (i.e.



Fig. 7. Simulated horizontal acceleration and velocity components at (a) X ¼ 676 m (on the top of fault) and (b) at X ¼ 876 m (200 m from the fault) with and without a softer top
soil layer (results from Rutqvist et al., 2014).
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the soil layer amplified PGV), whereas without the soil layer, the
PGV is about 30 mm/s and is associated with an initial pulse, one
jolt, at a frequency of about 5e10 Hz.

Fig. 8 shows an overlay of the calculated ground motion at
X ¼ 676 m (at fault) in frequency spectrum on the USBM criterion
(Siskind curve) and the human perception criterion. The “Z-curve
or Siskind curve” shown as the blue line in Fig. 8 was originally
published by Siskind et al. (1980) and shows the limits in peak
particle velocity (PPV) in inch per second (ips), recommended by
the USBM to preclude cosmetic damage to plaster and drywall. The
red lines in Fig. 8 represents the human perception limits specified
Fig. 8. Comparison of simulated PGV frequency spectrum (green line) for ground
motion where the fault intersects the ground surface to the USBM criterion for
cosmetic building damage and the human perception criterion (modified from
Rutqvist et al., 2014).
in the U.S. Army Engineering Manual EM 1110-2-3800 (USACE,
1972). We see that the simulated PGV of around 25 mm/s over a
frequency of 6e15 Hz (green line in Fig. 8) is just above the blue
Siskind curve and could therefore potentially cause cosmetic
damage (e.g. hairline fracture in drywall or plaster). Moreover, the
simulated velocity is above the red line for unpleasant steady-state
vibration, which implies that this short duration event would be
clearly perceptible by humans.

If one would look at the maximum PGA of 0.6 g, and the USGS0

empirically correlated instrumental intensity scale, a PGA of 0.6 g
would correspond to an instrumental intensity of VIII, which would
correspond to perceived severe shaking and moderate-to-heavy
damage. However, as discussed in Rutqvist et al. (2014), USGS0

criteria were developed based on tectonic events, which occur
much deeper than shallow injection-induced seismic events. Thus,
the results in Rutqvist et al. (2014) confirm the appropriateness of
using PGV (rather than PGA) and frequency for the evaluation of
potential ground-vibration effects on structures and humans from
shallow injection-induced seismic events.

Finally, the study in Rutqvist et al. (2014) demonstrated for a
synthetic case that the integrated analysis involving the chain of
processes from cause to consequences could be done quantitatively.
At a future injection site, such an analysis will require site-specific
input parameters, including depth of injection zone, likely fault
orientations and stress field, injection rates, and site-specific ma-
terial properties. For a dynamic wave propagation and ground vi-
bration analysis, it could also involve model calibration and testing
of the velocity and attenuation properties against seismic data (if
available). One of the key properties for fault reactivation modeling
is the coefficient of friction of the fault and how it drops with shear.
In Rutqvist et al. (2014), the coefficient of friction dropped from 0.6
to a residual value of 0.2 whichmay be considered as a conservative
(worst case) scenario. A smaller difference between peak and re-
sidual shear strengths significantly reduces the seismic response
such that seismicity would easily drop to levels that would result in
ground vibrations not discernable by humans.

2.5. Links between seismicity and leakage

Rinaldi et al. (2014a) focused on the short-term integrity of the
sealing caprock, and hence on the potential for leakage of either
brine or CO2 to reach the shallow groundwater aquifers during
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active injection. Rinaldi et al. (2014a) calculated both seismic
magnitude and potential leakage and thereby could investigate the
link between seismicity and leakage. TOUGH-FLAC simulations
were conducted considering reactivation of both minor (small
offset) and major (large offset) faults and with consideration of a
number of fault hydromechanical models for stress/strain-
dependent permeability change during fault reactivation. The
analysis in Rinaldi et al. (2014a) showed that whereas it is very
difficult to predict howmuch fault permeability could change upon
reactivation, this process can have a significant impact on the
leakage rate. Moreover, the analysis showed that induced seis-
micity associated with fault reactivation may not necessarily open
up a new flow path for upward CO2 leakage. In fact, much of the
reactivation tended to take place below the reservoir, rather than
above it. Fig. 9 shows one example in which a Mw ¼ 2.7 event
resulted in co-seismic slip below the reservoir, whereas the total
slip and permeability changes are affected by longer-term aseismic
shear, which creates a flow path upward from the reservoir. How-
ever, the upward CO2 migration was then diverted into another
permeable layer and as a result no upward leakage toward the
ground surface occurred. Results therefore showed a poor corre-
lation between earthquake magnitude and amount of fluid leakage,
highlighting that a single event is generally not enough to sub-
stantially change the permeability along the entire fault length.
Consequently, even if some changes in permeability occur, this does
not mean that CO2 will migrate upward along the entire fault,
breaking through the caprock to enter an overlying aquifer. This is
in agreement with studies of Nordbotten et al. (2009) who showed
that even in the case of leakage through the primary caprock (the
one directly overlying the CO2 storage unit), unless the leakage
pathway leads continuously and directly to protected groundwater
or to the land surface, the leaked CO2 will be trapped in overlying
strata in secondary traps (reservoirs or deep saline aquifers) due to
the layered nature of the sedimentary structure (Celia et al., 2015).

The above studies have been done for a subvertical fault in
which injection reservoir was located in the hanging-wall of the
fault. However, as shown in TOUGH-FLAC modeling by
Konstantinovskaya et al. (2014), the localization of shear failure
Fig. 9. Example of fault activation modeling in Rinaldi et al. (2014a) showing for a case of re
not result in any upward CO2 leakage as the CO2 is diverted into another overlying permea
along high-angle normal faults is very much dependent on the
location of the injection zone relative to the inclined fault plane. In
Konstantinovskaya et al. (2014), modeling was performed to
simulate CO2 injection into a storage reservoir bounded by two
subvertical faults in the St. Lawrence Lowlands sedimentary basin,
Quebec, Canada. The modeling showed that when the injection
reservoir was in the footwall of the fault plane, the shear failurewas
initiated along the fault segment located above the targeted
reservoir. In contrast, when the injection took place in the hanging-
wall reservoir, the rupture occurred along a fault segment located at
the reservoir level and below it. Thus, there might be a higher
potential of upward CO2 leakage if a fault is reactivated by reservoir
pressurization on the footwall of the fault. Such a difference be-
tween hanging and footwall fault activation makes the link be-
tween seismicity and leakage even more uncertain.
2.6. Effects of heterogeneous fault properties

In the above studies, it was assumed that fault properties were
homogenous along the fault planes, though in reality fault prop-
erties can be strongly heterogeneous, affected by the variation in
host rock properties adjacent to the fault. To study the effect of
heterogeneous fault properties, Jeanne et al. (2014) performed in
situ multidisciplinary analyses of two different fault zones in car-
bonate formations, one major (several kilometers long) seismically
active fault and another small fault zone (a few hundred meters
long). The fault zones characterized in detail in the field were
represented in the coupled TOUGH-FLAC modeling with markedly
different fault architectures, in which the fault damage zone in the
smaller immature fault zone was discontinuous with very hetero-
geneous mechanical and hydraulic properties (Fig. 10a and b). The
modeling showed that such heterogeneity favors rapid damage
zone pressurization, resulting in small earthquakes and also limits
the potential CO2 leakage at rupture. For example, Fig. 10a and b
displays a marked difference in fluid pressure distribution after 1
year of injection in which pressure diffusion is prevented in the
case of an immature fault (Fig. 10a).
activation of an offset reservoir bounding fault when a Mw ¼ 2.7 seismic event (a) does
ble layer (b) despite fault permeability change by 2 orders of magnitude (c).



Fig. 10. Results from Jeanne et al. (2014) showing the difference in fluid pressure migration in the case of reactivation of (a) a smaller immature fault with heterogeneous fault
permeability and (b) a major mature fault with continuous permeability along the fault. Inserts show conceptual models of the two types of faults.
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Rinaldi et al. (2014b) also studied the influence of fault zone ar-
chitecture on pore pressure distribution and on the resulting fault
reactivation, but for a case of a shale-sandstone sequence of multiple
caprock and reservoir layers. Results showed how the presence of
hydraulic and mechanical heterogeneities along the fault influences
the pressure distribution along the fault itself, as well as the evolu-
tion of effective normal and shear stresses. One example of simula-
tion results from Rinaldi et al. (2014b) is shown in Fig. 11. Fig. 11
shows that for homogenous fault properties, the co-seismic rupture
and seismic magnitude are larger and the pressure can migrate over
much longer distance along the fault damage zone. Overall the re-
sults in Rinaldi et al. (2014b) showed that hydromechanical hetero-
geneities (1) strengthen the fault zone resulting in smaller
Fig. 11. Results from Rinaldi et al. (2014b) showing the effects of caprock thic
earthquakes, and (2) impede upward fluid migration along the fault.
Moreover, studies on the effects of the caprock (Fig. 11) and aquifer
thickness showed that a thin caprock or aquifer leads to smaller
events, but amuch higher percentage of leakage through the caprock
and into the upper aquifer, whereas the amount of leakage is dras-
tically reduced in the case of a multi-caprock, multi-aquifer system.

2.7. 3D vs. 2D modeling and effects of well orientation

All the above simulations were conducted in 2D plane strain
models. As a result, some uncertainties in the evaluation of the
moment magnitude exist due to necessary assumptions on rupture
area estimates in the 3rd dimension. Full three-dimensional (3D)
kness for homogeneous (a, b) and heterogeneous (c, d) fault properties.
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TOUGH-FLAC analyses were conducted in Rinaldi et al. (2015) to
investigate the effects of well geometry (vertical vs. horizontal in-
jection well) on seismic fault rupture and CO2 leakage. Simulation
results for the vertical well showed faster and more localized fault
pressurizing than that for the horizontal well, resulting in a smaller
seismic event. For a horizontal well, the pressure is distributed over
a wider area along the fault, which requires a longer time for
reactivation, but results in a larger event. In these 3D simulations,
changes in permeabilities of damage zone and fault-core were
considered. Although the calculated fault permeability enhance-
ment is similar for the two cases, results showed a slightly higher
leakage rate for the vertical well in the region close to thewell itself,
while the leakage resulting from injection through the horizontal
well is more widely distributed. Overall, the simulations showed
that the seismic magnitudes calculated in the full 3D simulations
were within the range of those calculated in the 2D analysis,
bounded by the values of the 2D analysis for the assumption of
circular rupture area and 1 km rupture along the fault strike. In
general, the assumption of circular rupture areas somewhat un-
derestimates the seismic magnitude as the rupture tends to be
more elongated along the strike of the fault (Fig. 12).

2.8. Depth-dependent fault rheology through rate-dependent
friction

Finally, the current development of TOUGH-FLAC related to fault
activation includes the implementation and application of a slip-
rate dependent fault friction. Urpi et al. (2016) presented the first
step in which slip- and rate-dependent fault friction, in the
Fig. 12. 3D model and simulation results from Rinaldi et al. (2015) showing pressure and
framework of the rate-and-state “slowness law”, and inertial effects
were taken into account during rupture. Contact elements were
used to take into account the frictional behavior of the rupture
plane. Different scenarios of fault rheologies at different depths
were defined based on published laboratory data on CO2-saturated
intact and crushed rock samples, representative of a potential
target aquifer, sealing formation and fault gouge (Verberne et al.,
2014; Pluymakers and Niemeijer, 2015). Assuming fault-healing
after rupture, repeated seismic events can be simulated due to
fluid pressurization. The total cumulative slip, in principle, can be
larger than the size of the contact element, because the contact
points of the various interfaces can be updated. The simulations in
Urpi et al. (2016) show that the first triggered rupture always
produces the largest rupture length and slip magnitude, both of
which correlate with the fault rheology. Velocity weakening pro-
duces larger ruptures and generates larger magnitude seismic
events. Fig. 13 shows the model and an example of simulation re-
sults displaying the effect of velocity weakening friction. In all the
cases, the fault portion within the caprock and overburden was
assumed velocity neutral, but fault rupture could extend into this
zone in the case of strong velocity weakening in the reservoir and
underburden. On the other hand, nucleation of rupture in a velocity
strengthening fault section always resulted in a limited rupture in
terms of maximum slip and rupture length, and ground accelera-
tion less than 0.015 g, which would be too small to be felt by
humans. Again, this shows the importance of characterizing fault
properties, because a more brittle (velocity weakening) behavior is
necessary for producing seismic events that could be felt and
potentially create a leakage path through the caprock.
slip evolution, co-seismic rupture area and pressure distribution on the fault plane.



Fig. 13. Model and simulation results from Urpi et al. (2016) showing how the rupture could propagate up through the caprock in the case of stronger velocity weakening fault
frictional properties.

Fig. 14. Results from 3D seismic survey in northern Krechba in 2009, showing a deep linear feature and its correlation with surface uplift, natural fractures, and stress orientation
(Rutqvist, 2012): (a) 3D seismic contour extracted from Gibson-Poole and Raikes (2010) and Wright (2011) showing contour layer at the top of the C20.1 unit, about 150 m above the
injection zone (at a depth of about 1.7 km), and (b) 3D seismic contour results overlain by ground surface uplift evaluated from InSAR data of MDA and Pinnacle Technology (Wright,
2011). In (a) red and yellow correspond to high elevation, whereas blue corresponds to low elevation, indicating a push down in the seismic signature along the linear feature. In (b),
red contour represents the maximum uplift, in the order of 2 cm.
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3. Lessons learned from In Salah modeling

The In Salah CO2 storage project (Mathieson et al., 2011;
Ringrose et al., 2013) provides a good example for studies of po-
tential fault reactivation during CO2 injection. The injection pres-
sure was quite substantial (up to about 10 MPa downhole
overpressure from an initial reservoir pressure of about 17.5 MPa)
and the injection zone (a 20 m thick sandstone layer at about
1900 m depth) is intersected by many subvertical minor faults
observed from 3D seismic surveys (Iding and Ringrose, 2010;
Ringrose et al., 2011). Moreover, InSAR data on ground surface
deformation had such a good spatio-temporal resolution that it
would be possible to detect potential injection-induced fault re-
sponses (Vasco et al., 2010; Bissell et al., 2011; Mathieson et al.,
2011). In particular, at one of the three horizontal injection wells,
injection well KB-502, a complex surface deformation pattern was
observed, including two parallel uplift lobes rather than one single
uplift lobe (Fig. 14). This double-lobe uplift pattern was first inter-
preted by Vasco et al. (2010) to signify the opening of a linear
feature within and around the injection zone, i.e. at around 1900 m
depth. Similarly, using multiphase fluid flow and geomechanical
numerical modeling, Rutqvist et al. (2011) as well as Morris et al.
(2011) also concluded that the opening of a vertical feature could
explain the observed double-lobe uplift. The first TOUGH-FLAC
analysis of such double-lobe uplift is shown in Fig. 15, indicating
a qualitative agreement with the double-lobe uplift pattern shown
in Fig. 14. This was achieved using anisotropic elastic properties
within the fault zone, which was considered to be a highly frac-
tured medium.

At the same time, the analysis of a 3D seismic survey indicated
that such a fractured zone may indeed intersect the injection well
KB-502, with a linear feature visible in the seismic signature up to a
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few hundred meters above the injection zone (Gibson-Poole and
Raikes, 2010; Wright, 2011; Ringrose et al., 2013). As shown in
Fig. 14, the linear feature aligns precisely parallel with the domi-
nant fracturing orientation, exactly perpendicular to the minimum
compressive principal stress, and it is well correlated with the
double-lobe uplift on the ground surface (Rutqvist, 2012). This very
precise linear alignment may indicate the opening of fractures
(which exist in the lower part of the caprock) or a fractured rock
zone, or creation of new fractures, rather than opening or reac-
tivation of a fault.

Rinaldi and Rutqvist (2013) applied TOUGH-FLAC to conduct a
detailed coupled multiphase fluid flow and geomechanical analysis
of the fracture zone responses with simultaneous matching of in-
jection pressure and uplift (both in time and space). In the model
simulations, the fracture zone was simulated using an orthotropic
model, characterized by a strong anisotropy: the porous medium
can deform more in the direction normal to the plane than that
along the plane. The fracture zone properties were determined by
model calibration to achieve a good match with field data for a
fracture zone 3500m long and extending 350m above the reservoir
(Fig. 16). The InSAR and injection data were interpreted such that
the fracture zone activates and becomes permeable in response to
increasing reservoir pressure after only a few months of CO2 in-
jection (Fig. 17c). Using such a model, the displacement on the
satellite’s line of sight features a double-lobe uplift and a magni-
tude close to the measured InSAR data (Fig. 17).

A sensitivity study showed that changes in the fracture zone
height from reservoir depth produce results that in some cases
significantly deviate from field observations. Specifically, when the
fracture zone is assumed to penetrate into the upper aquifer, a
double-lobe pattern was still achieved, but the calculated uplift
time evolution showed a trend completely different from field
observation. The poor fit occurred when assuming a substantial
pressure release up into the shallow aquifer. Consequently, the
analysis by Rinaldi and Rutqvist (2013) supports the notion that the
fracture zone is confinedwithin the caprock and does not penetrate
the overlying aquifer.

Another relevant observation from In Salah is that a number of
minor subvertical faults crossing the reservoir have been mapped
from the 3D seismic surveys (Ringrose et al., 2011). However, CO2
injection at In Salah has not resulted in any felt seismic events or
substantial strike-slip shear movements in the prevailing strike-
slip stress field. If strike-slip shear movement had occurred, it
would have surely been observed as asymmetric uplift pattern on
each side of such a fault. On the other hand, several thousands of
micro-seismic events have been detected with the maximum
Fig. 15. TOUGH-FLAC forward coupled numerical modeling of CO2 injection, with pressure i
the ground surface similar to observations shown in Fig. 14 (Rutqvist et al., 2010).
reported magnitude Mw of 1.7 (Stork et al., 2015). Most of these
events were localized to be close to KB-502 well in NWeSE
orientation, which is along the direction of maximum principal
stress and along the direction of the dominant fracture direction,
coinciding with fracture zone orientation. Analysis of the same
seismic data by Goertz-Allmann et al. (2014) came to the same
conclusion and argued from the seismic data that it is feasible that
new fractures were created at high wellhead pressures. They
concluded that reservoir fracture pressure of the injection horizon
has most likely been exceeded occasionally, accompanied by
increased micro-seismic activity. This occurred at a threshold
wellhead pressure of about 15.5 MPa, which according to Rinaldi
and Rutqvist (2013) calculations would correspond to a downhole
reservoir overpressure of about 10 MPa. The caprock at In Salah is
950 m thick, comprising a number of thick, resilient seals. Even
though fracturingmay have penetrated the lower caprock units, the
overall integrity of the storage site is maintained. These findings by
the TOUGH-FLAC modeling of In Salah have been corroborated by
White et al. (2014) and Verdon et al. (2015).

Finally, the In Salah project is an example at which induced
micro-seismicity occurred in the sedimentary sequence, but at a
substantial downhole injection pressure close to the fracturing
pressure. The deep fault response was discovered through moni-
toring of surface deformations. But if the micro-seismic network
had been installed already from the beginning of the injection, the
clear pressure threshold could have been determined. As a result,
the injection pressure could have been managed to prevent further
fracturing and induced seismicity.

4. Concluding remarks and recommendations

Although no felt seismic event has been reported from any of
the current or past CO2 storage projects, it should be recognized
that potential future commercial GCS operations from large power
plants will require injection at a much larger scale. Experience from
injection activities in related industries (e.g. waste-water injection,
hydrocarbon exploitation, enhanced geothermal systems de-
velopments, and reservoir impoundments) shows that induced
seismicity issues should be carefully considered in developing new
GCS projects (Gupta, 1992; Cypser and Davis, 1998; Segall and
Fitzgerald, 1998; Häring et al., 2008; Majer et al., 2012; The
National Research Council, 2012; Weingarten et al., 2015). In
future large scale GCS, large-scale pressure buildup, associated
crustal straining, and the potential presence of undetected faults
may be of greatest concern (Rutqvist, 2012). The risk is generally
expected to increase with injection volume, since this will increase
nflation of the vertical fracture zone, which results in a double-lobe uplift response on



Fig. 16. (a) Mesh grid used in the coupled TOUGH-FLAC model (about 30,000 gridblocks); and (b) enlargement of the injection area and fracture zone (Rinaldi and Rutqvist, 2013).

Fig. 17. Comparison between TOUGH-FLAC simulated displacement and InSAR data (Rinaldi and Rutqvist, 2013). (a) Resulting displacement in the satellite line of sight. Black
segment represents the KB-502 injection well. White, dashed segment represents the simulated fracture zone direction. Green and blue, dashed lines represent the direction of two
profiles for the comparison with InSAR data at 500 m and 1700 m from the injection well, respectively. (b) InSAR data after 618 days of injection (23 December 2006). (c)
Comparison between simulated and observed ground surface uplifts. (d) Comparison between simulation (red line) and InSAR data (green, dashed line) along the profile 1 (500 m
from the injection well). (e) Comparison between simulation (red line) and InSAR data (green, dashed line) along the profile 2 (1700 m from the injection well).
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the probability that the expanding reservoir pressurization reaches
near critically stressed faults of larger dimensions. To deal with this
issue, a best-practice framework is needed for the site-
investigations phase of a GCS project. This should comprehend
site-geological-screening for the appreciation of major fault char-
acteristics and behavior, structural investigation for the under-
standing of past stress fields, and geophysical surveys for the
creation of a conceptual model of the reservoir system. The
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framework should also involve literature review of the historical
natural seismicity, assessment of the potential for induced seis-
micity as part of the created conceptual model, and recommended
steps for mitigation of the risk of the induced seismicity, as well as
addressing the human element (Myer and Daley, 2011).

The TOUGH-FLAC deterministic fault activation modeling sum-
marized in this paper demonstrates that a fault rupture in the order
of 1 kmwill be required to create an injection-induced event (e.g. in
the magnitude of 4) that could be widely felt on the ground surface.
The resulting seismic magnitude and potential for creating a
leakage path through overburden sealing layers (caprock) depends
on the number of parameters such as fault orientation, stress field,
injection location relative to the fault, and rock properties. Model
simulations further demonstrate that seismic events large enough
to be felt by humans require brittle fault properties and continuous
fault permeability allowing for the pressure to be distributed over a
large fault patch that ruptures at once. Heterogeneous fault prop-
erties, which are commonly encountered in faults intersecting
multilayered shale/sandstone sequences, effectively reduce the
likelihood of inducing felt seismicity and also effectively impede
upward CO2 leakage. A number of simulations show that even a
sizable seismic event that could be felt may not be capable of
opening new flow paths across the entire thickness of an overlying
caprock. Additionally, such flow paths are very unlikely to cross a
system of multiple overlying caprock units.

The modeling of the In Salah CO2 storage site showed possible
fracturing of the caprock and opening of deep fracture zone that
was also associated with induced micro-seismicity. Induced micro-
seismicity could occur because the reservoir consisted of relatively
tight, but fractured and brittle sandstone. However, this occurred at
substantial reservoir pressure of about 160% the hydrostatic pres-
sure, which is close to the magnitude of the least principal stress.

The type of coupled fluid flow and geomechanical fault activa-
tion modeling used in most of the simulations quoted in this paper
can be used to guide the injection design at future CO2 injection
sites. In fact, early in the site screening, simplified models may be
preferable for first-order analysis and quick assessment of CO2
injection-site suitability. The simplified models may be analytical
and semi-analytical models (e.g. Streit and Hillis, 2004; Mathias
et al., 2009), or models based on simplified equations for efficient
solutions (Nordbotten and Celia, 2006; Celia et al., 2015), or nu-
merical multiphase flow models linked with analytical geo-
mechanical models (e.g. Lucier et al., 2006; Chiaramonte et al.,
2008). Nevertheless, making an absolutely exact prediction of
seismicity and an estimation of the maximum earthquake magni-
tude is very difficult. Continuous monitoring of geomechanical
changes (such as ground surface deformations and induced
microseismicity) is vital for tracking underground fluid pressure
evolution, possibly detecting emerging fault reactivations, and
providing an early detection of potential CO2 migration out of the
storage formation. This would ideally involve a staged approach
with an initially longer-term injection, accompanied by seismic and
surface deformation monitoring to determine how prone the site is
to inducing seismicity. Such experiment and monitoring can also
provide the necessary data on site-specific seismicity (if any) to
make predictions for long-term operational conditions and might
help to estimate how high the injection pressure can be without
causing seismicity.

As discussed in this paper, a very important factor for induced
seismicity and leakage is whether the rocks are brittle or ductile. It
is well known from accumulation of hydro-carbon resources over
geological time that the mechanical properties of the top seal units
are critical in determining how shear reactivation could change the
sealing capacity of a caprock unit (Ingram and Urai,1999). The shear
strength of mudstone and shale could be very low, with friction
angle as low as 10�. However, despite low strength, a caprock unit
consisting of soft plastic (ductile) rock can deform in a plastic but
self-sealing way, and might therefore be more favorable than a stiff,
brittle and dilatant rock. A relevant example might be the Gulf (of
Mexico) Coastal area, characterized as a passive continental margin
where recently active listric normal faulting resulting from sedi-
ment loading defines the regional stress regime (Zoback and
Zoback, 1989). The least horizontal compressive principal stress in
the Gulf Coast area has been estimated to be about 60% of the
lithostatic (vertical) stress (Zoback and Zoback, 1989), i.e. a
horizontal-to-vertical stress ratio of 0.6. However, although faults
may be on the verge of shear instability and could be activated by
injection, the sediments are very soft, including unconsolidated
reservoir sands and shale layers that are self-sealing. Thus, even if
such faults are activated, this activation will most likely not cause
any seismicity or substantial leakage.

Thus, we emphasize the importance of site investigation to
characterize rock properties and if at all possible to avoid brittle
rock such as crystalline basement or sites in hard and brittle sedi-
mentary sequences that are prone to induced seismicity and per-
manent damage. Efforts should be made to identify sites in more
ductile rock formations that can accommodate aseismically stress
and strain induced by the injection. Ideally the injection should
take place in a reservoir below multiple ductile caprocks that can
self-heal and still provide protection of shallow groundwater re-
sources that should fault activation occur at depth.
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