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Abstract

Poro-elastic stress and effective stress reduction associated with deep underground fluid
injection can potentially trigger shear rupture along pre-existing faults. We modeled an
idealized CO, injection scenario, to assess the effects on faults in the first phase of a
generic CO, aquifer storage operation. We used coupled multiphase fluid flow and
geomechanical numerical modeling to evaluate the stress and pressure perturbations
induced by fluid injection and the response of a nearby normal fault. Slip-rate dependent
friction and inertial effects have been taken into account during rupture. Contact
elements have been used to take into account the frictional behavior of the rupture
plane. We investigated different scenarios of injection rate to induce rupture on the
fault, employing various fault rheologies. Published laboratory data on CO,-saturated
intact and crushed rock samples, representative of a potential target aquifer, sealing
formation and fault gouge, have been used to define a scenario where different fault
rheologies apply at different depths. Nucleation of fault rupture takes place at the
bottom of the reservoir, in agreement with analytical poro-elastic stress calculations,
depending on injection-induced reservoir inflation and the tectonic stress scenario. For
the stress state considered here, the first triggered rupture always produces the largest
rupture length and slip magnitude, both of which correlate with the fault rheology.

Velocity weakening produces larger ruptures and generates larger magnitude seismic
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events. Heterogeneous faults have been considered including velocity-weakening or
velocity strengthening sections inside and below the aquifer, with the upper sections
being velocity-neutral. Nucleation of rupture in a velocity-strengthening section results
in a limited rupture extension, both in terms of maximum slip and rupture length. For a
heterogeneous fault with nucleation in a velocity-weakening section, the rupture may
propagate into the overlying velocity-neutral section, if the extent of velocity-
weakening and associated friction drop are large enough.

Introduction

Effects of underground fluid injection operations can extend far beyond the rock volume
hosting the injected fluid (Rudnicki,1986). These effects may involve both pore
pressure and stress perturbations that could potentially trigger fault rupture at a
significant distance from the injection point (Simpson,1986). This was observed for
example in the 1968 Denver earthquake sequence due to fluid injection into the
underground (Healy et al., 1968), where seismicity started during injection operations
and propagated at a distance of more than 5 kilometers after the injection operations
terminated.

Human-felt induced events on tectonically active faults and on old, inactive
faults have long been linked to a wide range of anthropogenic activities (Guha, 2000).
Fluid injection and wastewater disposal activities are among them, with human-felt
events associated with disposal of brine from oil production and hydraulic fracturing
operations (Healy et al. 1968, Keranen et al., 2013; Kim, 2013; Walsh and Zoback,
2015), with conventional and enhanced geothermal systems (Deichmann and Giardini,
2009; Zang et al., 2014), and with underground gas storage reservoir development
(Cesca et al., 2014). However, similar amounts of fluid injected (10-100 thousands of
m®) at bottom-hole pressures above in-situ values ranging from 1-10 MPa in the
proximity of faults have led to a range of different responses at various sites (Evans et
al. 2012), from human-felt seismic events to large-scale aseismic deformation (Cornet,
2016). Between the two extremes, there is also the possibility for fluid injection to
generate a largely aseismic perturbation followed by the triggering of a relatively large
event, as happened in St. Gallen (Switzerland) during the initial injection activities

associated with an EGS reservoir (Obermann et al., 2015).
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Why ruptures slip seismically or aseismically has been investigated in a number
of studies combining field data on tectonically active faults and associated earthquakes
with laboratory measurements of representative fault fill properties (De Paola et al.,
2011, Niemeijer et al., 2014, Scuderi et al., 2013). Processes promoting seismic slip
may arise from the presence of fluids and from fluid pressure changes, as well as
thermal (Noda and Shimamoto, 2005) and thermochemical pressurization (Brantut et
al., 2010; Chen et al., 2013), CO, degassing (Collettini et al., 2008) and fluid assisted
healing (Bos and Spiers, 2002). Aside from tectonically active faults, old, inactive faults
can be destabilized (reactivated) by fluid pressurization during industrial injection
operations, at shallow crustal depth (1-5 km) (see Ellsworth, 2013 and references
therein).

The excess load supported by a fault at failure, and the manner in which the
fault reacts and releases the elastic energy stored in the surrounding rock depend on
local conditions and on intrinsic material properties. The analysis of the complex pattern
of induced seismicity and aseismic deformation associated with high pressure fluid
injection (Hillers et al., 2015, Obermann et al., 2015, Calo et al. 2011) shows
complementary aspects of the decoupling between rock mass deformation, microseismic
activity and the occurrence of the human-felt events. For example, in the case of the
Basel Deep Geothermal Project, a fractured granite reservoir was stimulated and a
relatively large event (Mw = 3.9) was induced 5 days after the start of the injection,
while peak deformation was reached some 15 days after the bleed-off and after the
induced seismicity had ceased (Hillers et al., 2015). Delayed peak deformation is a sign
that the rock mass was still deforming after stimulation ceased, most likely due to
hydraulic diffusion of the pressurized injection zone. After injection ceased, the
overpressure resulting from the injection activity is relaxing, through pressure diffusion
in the fractured rock mass and the bleed-off of the well. It is possible that the delayed
(with respect to the large magnitude event taking place shortly after the end of the
injection) peak reservoir deformation is due to the poroelastic strain induced by the
increase in effective stresses, however, large deformation can still be generated by an
aseismic rupture process. The pressure can still be high enough to promote plastic
failure, but the effective normal stress may be too low to generate unstable critical slip,
as can be inferred by analysis of a spring-slider system (Scholz, 1998).

To date, geological storage of CO, has not been associated with human-felt

induced seismicity, neither at onshore or offshore storage sites (Arts et al., 2008,
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Martens et al., 2013, Rutqvist et al., 2014). The largest event detected and documented
in relation to an onshore CO, storage site is an M,, = 1.7 event at the In Salah CO,
storage project, Algeria (Stork et al., 2015). The offshore CO, storage site at Sleipner,
where CO2 injection began in 1996, shows no evidence of seismicity associated with
CO2 injection operations: since 1990 a regional seismic network recorded various
events of magnitude ML 2-3 within 50 km of the injection site, with no change in rate
of events in the years before and after the injection operation started. Although there is
no local seismic network, it can be excluded that the injection generates events of
magnitude larger than 2 (Evans, 2012).

It has been argued that adopting large-scale CO, storage, in the context of
carbon capture and storage (CCS) is a risky strategy (Zoback and Gorelick, 2012), with
seal integrity and societal acceptance of CCS being threatened by fault reactivation
generating small-to moderate-sized earthquakes. However, numerical simulations have
shown that induced seismicity does not necessarily compromise the sealing capacity of
a storage site (Rinaldi et al., 2014b). For example, seismic events may be the result of
fault activation below the reservoir rather than above, keeping the overlying seal intact.
Moreover, heterogeneities along complex fault structures may limit both leakage and
maximum event magnitude (Rinaldi et al., 2014a).

One current issue with such simulations, however, is a limited understanding of
the influence of the fault rheology on the rupture process. In-situ conditions and fault
response are difficult to predict and small, co-seismic slip displacements are hard to
reproduce at the laboratory scale. In recent years, numerous laboratory experiments
have been performed (Niemeijer et al., 2012) to investigate frictional properties and
fault behavior during slip, for slip velocities ranging from pum/s up to m/s. Occurrence
of stick-slip rupture in the laboratory can be interpreted, in the conceptual model of the
rate-and-state dependent friction laws, as representing laboratory equivalents of
earthquake nucleation and propagation at the tectonic scale (Scholz, 1998). The
reliability of such laboratory data, when extrapolated to faults in nature, is a current
issue, specifically in terms of up-scaling the results from the lab to the field scale, in
space and time. Currently, no comprehensive, unifying approach has been developed,
the biggest limitation being the lack of a unified analytical, physics-based, model that
can explain rupture behavior over the complete range of relevant slip velocities and

under general boundary conditions.
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Numerical investigations for CO2 sequestration have been performed at various
scales and with focus on different processes (see Kolditz et al., 2012, and reference
therein for a detailed overview). Numerical models assessing the mechanical behavior
of and potential for fault reactivation within CO, storage systems targeting depleted
hydrocarbon reservoirs (Orlic, 2009; Orlic et al., 2011) or deep aquifers (Rutqvist, 2012
and reference therein) have been developed and tested. Generally, these studies are
rather conservative for fault reactivation, assuming that the corresponding excessive
stress (stress drop) is released seismically and that slip weakening is dominant in
determining the frictional behavior of the sliding fault, overlooking the influence of
slip-rate on frictional behavior. By contrast, data on fault friction and its dependence on
slip velocity obtained from laboratory experiments have been used to understand field
observations on a vertical discontinuity in the microseismic cloud recorded during
hydraulic stimulations at the Newberry Volcano EGS Project, Oregon (Fang et al.,
2015). Such laboratory experiments have also been performed on fluid saturated rock
samples to infer, for example, if carbonate-evaporite sequences can promote earthquake
nucleation at different depth and temperatures (Chen et al. 2013; Pluymakers et al.
2014; Verberne et al., 2014) and to predict the temperature and depth at which
earthquakes can nucleate on subduction megathrusts (den Hartog, 2014).

In this study, an idealized CO,-injection scenario, addressing aquifer storage, is
modeled with a coupled hydro-mechanical numerical simulator with multiphase fluid
flow to calculate transient evolution of injection pressure, effective stress change, and
dynamic fault rupture. The goal is to overcome the limitations related to the commonly
employed quasi-static approach and to explore the possibilities of implementing and
applying a model for more complex, rate-dependent, frictional behavior in a fault
rupture simulation.

We design exploratory worst-case scenarios to quantify the maximum fault slip
that can be expected considering representative velocity-weakening and velocity—
strengthening fault slip behavior. We define the scenarios as worst-case, since in the
simulation injection is deliberately designed to induce the affected fault to rupture: in
reality, injection activities for fluid storage would be designed to avoid reaching failure
conditions in terms of shear stress, normal stress and pore pressure change, allowing for
all the due uncertainties regarding initial in-situ condition (stress state, permeability,
fault properties). We analyzed the influence that different frictional rate dependences

can have on the transition to velocity-weakening with depth. We found that for the
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worst case scenarios assumed, with conditions unlikely to be met in reality, fault rupture
nucleating below the injection reservoir can potentially propagate through the aquifer
and reach the overlying caprock, promoting upward CO, leakage if the associated

shearing deformation enhances the permeability of the caprock.

Numerical approach
The simulations were performed using the TOUGH-FLAC coupled simulator

(Rutqvist et al., 2002; Rutqvist, 2011), here updated for utilizing the 2D version of the
geomechanical code. The coupled fluid flow and geomechanical simulator TOUGH-
FLAC (with FLAC3D - Itasca, 2012) has been used for a wide range of geo-
engineering application over the last decade (Cappa and Rutqvist, 2011, 2012; Rinaldi
et al., 2014a, 2014b, 2015a, 2015b; Rutqvist et al., 2014, 2015; Mazzoldi et al., 2012;
Vilarrasa and Carrera, 2015; Todesco et al., 2004). The approach adopted in this study
couples FLAC (Itasca, 2011), a commercially available finite difference software tool,
capable of solving mechanical and poro-elasto-plastic processes in 2D, with TOUGH2
(Pruess et al., 2012), a finite difference code developed to model multiphase, multi-
component fluid flow in porous and fractured media.

The different characteristic times for the hydrological and mechanical
phenomena included in the model allow us to solve the two processes iteratively,
computing the transient solution for pore pressure and fluid flow, while the stresses and
the strain components are resolved via the quasi-static mechanical solution. When the
Mohr-Coulomb failure criterion for the fault zone is met, the computation to resolve
stresses and strains is transitioned to fully dynamic mode, to account for the required
level of detail during a dynamic rupture. This allows us to efficiently cover the
potentially long times between ruptures, because the time step must vary from tenth of
milliseconds for the dynamic calculations to days/weeks or even longer for the quasi-
static solution, which does not require inertial effects to be accounted for.

The coupling between the two codes is sequentially explicit: a fluid source term
is applied to an initial static hydro-mechanical equilibrium in TOUGH2, calculating the
resulting pressure field. Results from this calculation are imported into FLAC, which
takes into account the variation in the pressure field as change to the effective stress,
performing then a quasi-static mechanical analysis. Volumetric and shear strains are

then passed back to TOUGH2, optionally updating permeability and porosity; then the
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fluid flow simulation for the next time step will update the pressure field. Fig.1 depicts
the iteration scheme.

The coupled TOUGH-FLAC approach has already been used in a number of
similar studies to assess safety of CO; storage (Rinaldi and Rutqvist, 2013; Rinaldi et
al., 2014b), to determine maximum fault slip and seismic wave transmission (Cappa and
Rutqgvist, 2012), maximum sustainable injection pressure (Rutqgvist et al., 2007), and
influence of pre-existing tectonic stress on slip magnitude (Mazzoldi et al., 2012). The
novelty of the approach presented here is the fully dynamic solution of the rupture
process with contact elements, where the full equation of motion is solved for a
frictional interface (i.e. zero-thickness weak plane) representing the fault plane, with the
dynamic friction coefficient evolving with the shear velocity (eq. 3). This allows for
including velocity dependent frictional behavior, in addition to the strain-dependent
rheology. Stress- and strain-dependent bulk hydraulic properties can be included as in
the aforementioned studies, as well as the thermodynamic and thermophysical
properties of water-NaCl-, CO, mixtures, including capillary pressure and relative
permeability of gas and liquid phases.

A notable difference with the previous studies is the use of the 2D version of
FLAC, with the advantage of being lighter on the numerical resources without losing
accuracy for the scenarios investigated, since Mohr Coulomb failure criterion is a 2D
approach, accounting only for the minimum and maximum principal stress (respectively
vertical and horizontal, in our extensional stress regime scenario). Additionally,
magnitude calculated from the same rupture scenario, modelled with a plane strain 2D
model and a 3D model gave similar values for the rupture size and slip distance (Rinaldi
etal., 2015b).

The use of 2D elements and therefore 1D contact elements on the interface
allows to define the value of the (a-b) parameters on the basis of stability analysis for a
spring-slider system having only one degree-of-freedom (Scholz, 1998).

The main advantage of using zero-thickness interface elements versus the use of
finite size (or volume) elements to represent the fault is the decoupling of plastic strain
(shear) from the elements size. With interfaces the shearing displacement can be as
large as the size of the bounding elements, without incurring in excessive deformation
of the element itself, which would require time-consuming technique to re-compute the
grid. Since spatial and time resolution depends on the element size, the decoupling

allows the use of a refined grid to reach higher resolution and at the same time to
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capture large displacement. The use of these logical elements allows accounting for
discontinuity in displacements across solid elements, where continuity of stresses is
preserved.

An interface is defined as a particular surface located on the boundary between
elements (minimum 2) and it is defined by the boundary gridpoints of the elements.
Since our simulation is 2D, the interface will be defined with segments. If the gridpoints
located on opposite boundaries are in contact (tensile forces below imposed interface
tensile strength and distance smaller than an imposed threshold), the contact length is
computed for each gridpoint. When one gridpoint is in contact with another gridpoint on
the opposite side of the interface, the sum of the half of the distances between the
gridpoint and its two adjacent gridpoints is the contact length contribution to the
interface of that gridpoint. The contact length does not limit the shearing distance:
which gridpoints are in contact and their contact length are updated at every calculation
step, if the slip distance is large enough to offset elements on each side of the interface.

Normal and shear forces are evaluated at each gridpoint composing the
interfaces at each solution step. Force magnitudes are derived from the stress tensor
acting on each element, taking into account the contact length allocated to the gridpoint.
The Mohr-Coulomb criterion gives a maximum admissible value for the shear force
(Itasca, 2011):

Fomaz = CoL + 1(E, — pL) (1)

where co is the cohesion along the interface, L is the effective contact length, u is the
friction coefficient (varying with strain and shearing velocity), F, is the normal force, p
the pore pressure. Before rupture, there is continuity in both shear and normal
displacement, while during shearing only normal displacement will be continuous (non-
penetrating interface). When the shear force is exceeded, the associated shear flow rule
is applied, to evaluate the acceleration and velocities generated by the release of
excessive shear stress.

In our simulation, friction is assumed to evolve by a drop in its value at the very
beginning of the rupture; it evolves from the static value us to a reference dynamic value
ua linearly with increasing slip d, until the critical distance D. is reached (slip-

weakening) and the friction coefficient reaches the dynamic value:

w=ng+(1- 1) (102 itd<o. ()
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Thereafter, the friction coefficient depends on sliding velocity, according to the rate-

and-state ‘slowness’ law when steady state slip is achieved (e.g. Scholz, 1998):
p=py+(a—b)log(Z) if d>D.and V/15>1  (3)

where the sign of the term (a-b) defines if the interface obeys velocity strengthening
behaviour (positive) or velocity weakening behaviour (negative), with respect to a
reference low velocity Vy, evaluated at the end of the initial slip-weakening (in our
simulations is set to 1 um ), whereas if V/V(<1 the friction coefficient is u. If (a-b)=0,
the interface behaviour is defined to be velocity-neutral, consistently with the previous n
aming. The evolution of friction in this case is the same as it would be in the linear

strain-softening or slip-weakening formulation.

Strains Stresses

Pressure
TOUGH?2 induces T riac J

strain/stresses Nodal

displace el

ment ~ [ERES

Updated permeability/porosity

Fig. 1: Representation of the explicit sequential coupling linking FLAC and TOUGH?2.

In the sequential coupling, the rupture processes are calculated in the mechanical
solver FLAC, which must then provide a representative solution of co-seismic slip and
rupture propagation. The accuracy of the co-seismic solution depends only on this
component of the coupled model. Evaluating the correctness of the solution is a difficult
task, since there is no analytical solution available to check the numerical results. In
recent years substantial efforts have been dedicated to comparison of numerical codes
related to earthquake simulations and a number of benchmark tests have been defined
and executed by the Southern California Earthquake Center (SCEC) consortium (Harris
et al., 2009). FLAC has been verified against some of the benchmarks proposed. The
benchmarking results for the mechanical code FLAC and the implemented contact
element rupture model are presented in Appendix A. The results show good agreement
between the results of the FLAC code and four other codes for a benchmark involving

dynamic fault rupture with slip-weakening friction behavior.
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Coupled Geomechanical model
The coupled TOUGH-FLAC simulator is here used to investigate slip magnitude

in a generic, idealized CO_-injection scenario. We model different homogeneous and
heterogeneous velocity dependent behavior for the fault, to investigate how the slip
magnitude during rupture is affected by different (a-b) values, depicting a worst-case
scenario. The choice of parameters describing static and dynamic friction and the
evolution of friction are is not univocal: the various sets of values chosen in this
analysis are designed to define a realistic system and to allow compar with other
studies in the current literature.

The numerical domain closely follows the one proposed by Mazzoldi et al.
(2012), with a known fault dipping 80° and located at 500 meters distance from the
injection point (Fig. 2). The fault has no significant initial shear offset and intersects the
CO; injection formation as well as through two low-permeability units lying above (the
sealing formation) and below the aquifer (the underburden).

The fault is embedded in a 2 x 2 km elastic domain, with plane-strain condition.
In the aquifer zone the minimum size of the elements is 2.5 x 0.5 meters. The solid
elements contiguous to the fault are representative of the mechanical and hydraulic
properties of a fault core and a damage zone. The fault is therefore represented by
contiguous interfaces and by solid elements (Fig.2, right). The interfaces are one per
each solid element in contact and mechanically characterized by shear and normal
stiffness, which depends on the size and on the elastic parameters of the nearby
elements. The corresponding minimum interface length (at initial condition) is 0.5
meters. See Fig. 2 for a scheme of the model and for a close-up of the fault definition.

A normal tectonic setting (i.e. extensional stress regime) is imposed, where the
vertical stress is the maximum principal stress and the minimum stress is the horizontal
in-plane stress in our 2D representation. This is achieved by assigning appropriate initial
and boundary stress conditions, choosing the horizontal stress to be a factor of 0.7 times
the vertical lithostatic stress). Initially, the pore fluid pressure profile is hydrostatic, with
injection taking place in a confined aquifer.

The starting tectonic stresses have been applied as a boundary condition to the
lateral right boundary and free surface conditions at the top boundary. Roller boundary
conditions (no displacement allowed in the directional perpendicular to the boundary)
are applied to the left and to the bottom boundary. Fixed pressure is imposed at the

bottom and top of the model, while a no-flow boundary is applied on the left boundary.

10
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Hydrostatic constant pressure conditions are applied to the right boundary. The confined
aquifer is initially in hydrostatic equilibrium.

In the simulations, CO, is injected at a depth of 1000 meter, at a constant rate of
0.05 kg/m/s. Considering a horizontal well with an injection section 1 km long, this will
amount to an injection rate of 50 kg/s, which if CO, is injected at supercritical condition
equates about 80 I/s. This injection rate is expected to generate quite large overpressure
in a confined aquifer in a short time, with reactivation of a favorably oriented fault
expected to happen within few days or weeks from the start of the injection. Recent
numerical results have shown that this 2D approximation is reasonably accurate for
studying fault rupture induced by fluid injection pressurization (Rinaldi et al., 2015b).
The mechanical and hydraulic property values used are summarized in Table 1.

Table 1: Rock properties for the definition of the hydromechanical model.*Shear and normal stiffness properties of
the interfaces are based on the elastic parameters and on the size of the nearby elements, to avoid influence on the
results (Itasca, 2011).

Overburden | Caprock | Aquifer | Underburden | Basement | Fault
core
Density 2300 2300 2300 2300 2300 2300
(kg/m®)
Young’s 10 10 10 10 10 10*
mod. (GPa)
Poisson’s 0.25 0.25 0.25 0.25 0.25 0.25*
ratio
Vy (m/s) 2284 2284 2284 2284 2284 2284
Vs(m/s) 1319 1319 1319 1319 1319 1319
Permeabilit 0™ 107" 107 107 107" 107
y (m?)
Porosity 0.1 0.01 0.1 0.01 0.001 0.01

11
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T=10°C,P=0.1 MPa Injection point O Constant pressure
Initial stress ratio 0.1kg/s (200kg/s) boundary

0,=0.70, a No displacement :1 Constant stress
normal to the boundary boundary

I 150 m Caprock
£100m  Aquifer TOUGH2 fault FLAC fault

s — _ s
E I nom /Und’s;rbyulor i — - / » Slip discontinuity
o He=10— — 1 / Stress continuity
/ z \Interface

Contact elements

. T=72.5"C,P=24.63 MPa
0 == 1000 =2000
X (m)

Solid elements

Fig. 2: Scheme depicting different units and boundary conditions (modified after Mazzoldi et al., 2012)
and close-up of the mesh discretition around the fault including an interface (lower right) The black line
defining the fault line in the TOUGH2 grid is not an actual element of the hydraulic model and it is

shown only for reference.

When the failure criteria is satisfied, the simulation is run dynamically, solving
the full equation of motions with a time-step of the order of microseconds, to accurately
solve the onset of the rupture, allowing the rupture to develop completely. A sensitivity
analysis of the parameter D. (eq. 2) has been performed. In the framework of the
slowness law, the critical distance can be interpreted as the sliding distance required to
renew the contact population, once the sliding is larger than this distance the friction
coefficient reaches a steady-state value (Scholz, 2002).

Finite-difference methods often suffer from spurious amplification of high-
frequency oscillations. A Rayleigh damping filter has therefore been applied, centered
on 30 Hz frequency, to damp the potential generation of high frequency content, while
preserving the high frequency content of the seismic wave propagation and of the stress
variations taking place on the potentially rupturing elements. The Rayleigh damping has
a flat response (minimum damping) for a range of frequency around the chosen
frequency (Itasca, 2011). Outside that range, the damping assures preservation of large
uniform motion and suppression of numerical oscillations. Numerical oscillations that
can arise in finite difference method may induce spurious early arrest and re-rupture at
arbitrary fault locations, especially where the grid is coarse (Day et al., 2005).

In the present simulations, velocities and displacements are monitored at various
locations along the fault, as well on the free surface, i.e. at the fault surface trace.
Synthetic seismograms can be collected and analyzed to evaluate impact of ground

motion (Rutqvist et al., 2014). By varying the parameter (a-b) in the range from +0.01

12
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to -0.01, we investigate different synthetic scenarios, as well as a scenario with
heterogeneous (a-b) values on the fault, based on laboratory data collected for a
prospective CO; storage test site in the Netherlands. Here, friction rate parameters
obtained from clastic reservoir and topseal rock samples from a Bunter Sandstone
reservoir system in the Dutch North Sea have been used to characterize the gouge
materials expected to be present in faults occurring in such clastic systems. These
simulated fault rock properties have been published by Samuelson and Spiers (2012)
and showed (a-b) values in the range +0.006 to +0.0015, i.e. no velocity weakening
behavior, for all temperature ranges and conditions characterizing our CO; injection
scenario. Velocity weakening fault rock properties have been observed under upper
crustal conditions in simulated carbonate- and anhydrite-dominated fault gouges, but
only at temperatures above 75-120 °C, depending on detailed conditions (see Scuderi et
al., 2013; Verberne et al., 2014; Pluymakers and Niemeijer., 2015; De Paola et al 2015).

In our scenario, these temperatures are expected to be reached only below the
low permeability underburden. Nonetheless, to assess the sensitivity of our results to
varying (a-b) into the velocity weakening range we have chosen this range to be —0.01
to +0.01, affecting also the units that should show velocity-strengthening behavior

(Pluymakers and Niemeijer, 2015).

Results
For the injection scenario into an aquifer under the conditions and using the

parameters assumed here, stress perturbations producing spontaneous rupture are
achieved after 9 days of injection, for an overpressure in the vicinity of the injection
point of about 7.5 MPa. This value is in agreement with previous numerical studies
(e.g., Cappa and Rutqvist, 2012; Mazzoldi et al., 2012; Rinaldi et al., 2014b), although
reactivation seems to occur over a larger range of pressure variations on the basis of
field data: e.g. between 1 and 15.7 MPa at Naylor Field (Otway Basin, Australia —
Vidal-Gilbert et al., 2010) to 20 MPa overpressure as observed in a geothermal reservoir
in the Northeast German Basin (Moeck et al., 2009). We define the nucleation zone, or
the starting point of the seismic event, as the point where shear stress achieves the
maximum allowed shear stress defined by the failure criterion. The final rupture size
can be much larger than the nucleation zone as a result of stress transfer due to the shear

dislocation, as well as inertial effects. In our simulations, independently of (a-b), the
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rupture nucleates on 6 interfaces, for a total length of nucleation zone of less than 10
meters, directly below the aquifer, in the underburden. Note that the nucleation zone is
not directly affected by CO,. The mechanisms leading to reactivation of the fault are (i)
reduction in effective stress due to pore pressure increase within the injection
reservoir/aquifer and (ii) the induced poroelastic stress change due to the pressurization
of the reservoir/aquifer itself (e.g., expansion leading to shear stress change along the
fault and poroelastic compression of the fault zone). Previous analytical studies
evaluated the stress arching due to a point source fluid injection (Rudnicki, 1986) and
the pressurization of a compartment bounded by a normal fault (Soltanzadeh and
Hawkes, 2009): increase in pressure at a point or in a certain compartment perturbs the
effective normal stress locally and shear stresses beyond the injection point or the
compartment, promoting shearing on a normal fault at distance from the injection point
and at the interface between the compartment and the underlying units. Our model, in
agreement with these studies, has nucleation taking place in the underburden, due to
boundary and initial condition.

Repeated slip on the same fault can take place with continued injection: the slip
magnitude progressively decreases, even with fault friction coefficient recovering to the
initial value immediately after the rupture stops. The slip magnitude decreases because
the prevailing shear stress is successively relived with each rupture. Note that over time-
scales of a few weeks no significant reloading by tectonic forces can be expected and
therefore the constant horizontal stress boundary used in this case is realistic.

In order to study the evolution of co-seismic slip and slip-rate, the parameter (a-
b) was varied in the range from -0.01 to +0.01 (Eg. 3). Homogeneous and
heterogeneous distributions of (a-b) along the fault have been considered. In all cases,
initial friction drops following the slip-weakening law presented in Eq. 2. A sensitivity
analysis of slip-weakening critical distance D, has been performed, since it plays a
critical role in determining the very onset of rupture and its value cannot be determined
a priori. Results of this preliminary analysis are visible in Fig.3, showing various

simulation runs with a constant velocity-neutral fault (a-b) =0 and different D, values.
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Fig. 3: influence of critical distance on maximum slip, velocity-neutral fault behavior, friction drop

linearly from 0.6 to 0.2 over the critical distance. Each point represents a different simulation run.

To not affect the rupture process, the critical distance D, is therefore set to a value of
1um, closer to the order of magnitude measured at the lab scale, rather than the value
that can be derived from seismological observations, in agreement with the limitations
in frequency content of the seismic wave recorded at surface stations which may lead to
overestimation of the parameter (Cocco and Tinti, 2008).

Velocity-neutral fault friction
Results from the velocity-neutral model (a-b=0 in Eq. 3) are presented in Fig. 4,

which shows the stress evolution at a fault point located at the bottom of the aquifer
(Fig. 4a), the fault slip profile for the 4 consecutive ruptures (Fig. 4b), and the pressure
evolution at the injection point and at the center of the nucleation zone (Fig. 4c).
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Fig.4: (a) Time evolution of stress, dashed lines indicate Mohr-Coulomb criteria for dynamic (lower) and
static friction (upper). The discontinuities in the stress path are due to the ruptures happening during the
dynamic phases. (b) Co-seismic final slip produced by the four ruptures happening at the indicated times.
Maximum slip is always taking place at the bottom of the aquifer. (c) Pressure evolution at the bottom of
the aquifer and close to the injection point. Pressure changes steadily since we do not account for elastic
and plastic effects on permeability. Colors refer to the ruptures in Fig 4b.

During rupture, the friction coefficient value drops to 0.2, therefore the
maximum admissible shear stress is 0.2 times the normal effective stress for the single
sliding interface. However, when sliding stops, the interfaces regain immediately their
original strength (i.e. instantaneous healing), therefore the shear stress at the new static
equilibrium may be larger than the expected for shear strength at the dynamic friction
considered, as observed in Fig. 4a. Boundary effects may have affected the final stress
distribution, too. Although the rupture itself is not affected, since the tip of the rupture
stops at a distance above the bottom of the model, the post-rupture equilibrium stress
state can be affected by the proximity of the roller boundary.

The amount of overpressure acting on the fault is variable for the consecutive
events (Fig. 4c), ranging from 3.5 MPa overpressure for the first event to 7.8 MPa for
the fourth event, with a reduction on the relative pressure increase with respect to the
previous event. After the first event an additional increase of 2.4 MPa is necessary to

nucleate the rupture, while to nucleate the third and fourth event the additional pressure
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needed is respectively 1.4 MPa and 0.4 MPa. Stress distribution is affected by the
injection process and the associated poro-elastic response, affecting the threshold value
of pressure to nucleate rupture.

In the velocity neutral scenario, caprock integrity is preserved above the aquifer,
as rupture does not propagate into it. Instead rupture tends to propagate downwards. The
segment of the fault undergoing seismic slip is 600 meters, the slip peak displacement is
5.3 cm, and the average slip magnitude on the ruptured segment is 2.8 cm. To evaluate
the seismic magnitude associated with this ruptured area and slip length, assuming the
simplest circular source model, the seismic moment is given by (Kanamori and
Anderson, 1975):

M, = Gus 4)
with G representing the shear modulus, it the average slip distance and S the ruptured
area. This moment can then be translated into moment magnitude (M,,) according to the

relation (Kanamori and Anderson, 1975):

M,, = Zlogyy My — 6.07 (5)

L

A circular rupture of radius 300 m and average slip 2.8 cm vyields then a moment
magnitude of M,, = 2.9, which due to the shallow depth it is very likely to be felt by the
population in the proximity of the fault (Rutqvist et al., 2014). Maximum slip length and
the associated magnitude will henceforth be our reference values to assess the relative
importance of the constitutive parameters of the rate-and-state friction law. Values of
these parameters can be determined from laboratory experiments, with all the
limitations due to sample size and measurement uncertainty.

The magnitude obtained from rupture in Fig. 4a ranges for M,, = 2.97 for the first and
strongest event to M,, = 2.0 for the last and smallest event;although the peak slip is

considerably reduced, from 5.2 cm to 0.4 cm, the ruptured area is still comparable.

Velocity-strengthening fault friction
The co-seismic slip profiles for faults with velocity-strengthening behavior, uniformly

characterized by (a-b) =+0.003 and (a-b) =+0.01, are shown in Fig.5.
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Fig. 5: Co-seismic final slip, produced by a fault with velocity-strengthening frictional behavior.
Maximum slip is taking place at the bottom of the aquifer. Slip length and its distribution along ruptured
fault varies, but the size of the slipping area is not affected. The slip profile due to the velocity-neutral
fault is comparable to the homogeneous (a-b) =+0.01 fault, but the aquifer is not rupturing.
Both maximum and average slips are reduced by the velocity-strengthening behavior,
while the ruptured area remains confined to the underburden and the aquifer.
A sum up of the rupture sizes and magnitudes calculated according to Eq. 5 are shown
in Table 2.

Table 2: First rupture size, homogeneous fault velocity strengthening fault, (a-b)>0.

a-b Max slip Average slip Ruptured length Mw
(cm) (cm) (m)

0 5.2 2.8 600 2.97

+0.003 4.4 2.3 600 291

+0.01 3 1.23 500 2.58

The resulting magnitude is strongly affected by the frictional behavior of the portion of
fault where earthquake nucleates. The energy released by the heterogeneous fault is
reduced by a factor of three with respect to the velocity-neutral fault, since energy
released depends linearly on average slip and ruptured area (Eq. 4). However, the

ruptured length is less affected by the variations in (a-b) than the average and max slip.
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Which formation ruptures and which does not, depends not only on pore pressure
increase and/or stress changes, but also on the fault properties. Here, the rupture does
not propagate completely into the aquifer for (a-b) =+0.01

Velocity-weakening fault friction
Rupture profiles for two cases of velocity-weakening fault behaviors, characterized by

(a-b) =-0.01 and (a-b) =0.003 are presented in Fig. 6.
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Fig. 6: Co-seismic final slip, produced by a fault with velocity-weakening frictional behavior, scale of
axis is doubled with respect to Fig. 5. Maximum slip is taking place at the bottom of the aquifer. Rupture
nucleating in the underburden can propagate through the aquifer, reaching and rupturing the sealing
formation (Distance along dip <960 m), although the largest slip takes place in the bottom part of the
fault.

The stress state and pore pressure distribution at the very beginning of the rupture
nucleation are exactly the same for the velocity-neutral and the velocity-weakening
cases. However the final rupture differs greatly, due to the rupture being able to reach
the cap-rock for the (a-b)<-0.003 cases here observed. Rupture results are given in
Table 3.

Table 3: Rupture size, homogeneous velocity-weakening fault, (a-b) <0.

a-b Max slip Average slip Ruptured length Mw
(cm) (cm) (m)
-0.01 111 6.7 1200 3.58
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Rupture area in the velocity weakening field is strongly sensitive to the magnitude of
velocity weakening: although the nucleation size of the event is the same, the larger slip
generated can affect strongly the surrounding medium along the fault. As seen in the
velocity-weakening cases (Table 2), the ruptured length is less affected by the variations
in (a-b) than the average and max slip.

The fault location where maximum slip is recorded is minimally affected by the
variation in (a-b) value, too. This indicates that the overall slip distribution shape
depends more on the stress state, while slip magnitude is strongly affected by the
intrinsic fault properties, as shown in Fig. 5 and Fig. 6. Rupture can propagate also
upwards, damaging the sealing formation, a scenario that was not predicted by simply
considering a slip-weakening behavior for the fault. It must be stressed here that this is
the worst-case scenario, arising from a large initial slip-weakening friction drop and a
relatively strong velocity-weakening (compared to a-b value obtained from laboratory
measurements), homogeneously distributed along the fault. It should also be
emphasized that one of the purposes of conducting simulations such as the present is to
help define safe versus unsafe injection strategies, i.e. as a tool in identifying and

avoiding scenarios that may present risks.

Laboratory-derived fault behavior
The data collected in the laboratory for fault gouges, representative of carbonate and

anhydrite material, show a change in behavior from velocity-strengthening to velocity-
weakening with increasing temperature, specifically above 75-120 °C, depending on
detailed conditions (e.g. Verberne et al. 2014, Pluymakers and Niemeijer, 2015). In the
absence of strong hydrothermal circulation, filed temperatures correlates well with
depth and therefore it may be assumed that, as a worst-case scenario, the conditions
allowing the transitions are present in the units below the aquifer targeted for injection
activities. Clastic reservoir and caprock compositions, on the other hand, show velocity
strengthening for virtually all conditions that a reservoir or aquifer are likely to
experience during CO2 injection and storage (Samuelson and Spiers 2012). The same
investigations suggest that drop in friction must be smaller than what has been tested in

the previous scenarios, where a drop of friction from the static value 0.6 to a initial
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dynamic value of 0.2 was included. In the following, the post slip-weakening value of
friction is set to 0.4 everywhere on the fault: this will be the starting value for the
chosen slip-rate dependent friciton behavior. We tested the potential effect of the two
velocity-dependent frictional regimes, by imposing velocity-weakening and velocity-
strengthening behavior on the fault where it cuts units lying below the aquifer and
imposing velocity-neutral behavior elsewhere. Fig. 7 shows the resulting co-seismic
slip, for a rupture nucleating with stress and pressure conditions identical to the cases

analyzed in the previous subsections. The results are also summarized in Table 4

Rupture profiles (u, 0.4)

» Vel neutral
7| == (a-b)=-0.01 below aquifer |]
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Fig. 7: Co-seismic final slip, produced by a heterogeneous fault, with reduced friction drop. The velocity
neutral red curve refers to a homogeneous fault, with (a-b) = 0 and initial reduced friction drop from 0.6
to 0.4. Scale of x- axis and y- is reduced with respect to Figs. 5&6. Maximum slip is taking place at the
bottom of the aquifer. Rupture nucleating in the underburden remains confined in the units below the

sealing formation.

Table 4: Rupture size, heterogeneous case, (a-b) variation only in the underlying units, reduced friction

drop, measured at the end of the dynamic phase of the numerical simulation (8 seconds).

(a-b) Max slip Average slip Ruptured length Mw
(cm) (cm) (m)

-0.01 0.87 0.4 185 2.10

0 0.47 0.18 110 1.55

+0.01 0.3 0.1 80 1.20
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From Table 4, it is seen that the velocity-neutral reference event magnitude is
1.55, in comparison with the magnitude 2.97 of the previous velocity-neutral event with
larger friction drop (Table 2). The absolute variation in magnitude due to velocity-
dependent friction, with respect to the reference velocity neutral event, is not much
affected by the reduction in friction drop. For example, in the previous case with a large
friction drop (0.6 to 0.2), the velocity-strengthening of (a-b) = +0.01 resulted in a
reduction by a magnitude of 0.39 units, dropping from 2.97 to 2.58 (Table 2), whereas
here in the case of a smaller friction drop (0.6 to 0.4), the reduction is 0.35 units, from
1.55 to 1.20 (Table 4). Similarly, for velocity-weakening (a-b) =-0.01, the reductions in

magnitudes are consistent and not much dependent on the amount of friction drop.

The increase in magnitude from Mw = 1.20 to Mw = 2.10 when considering velocity
weakening behavior below the aquifer, reflects the fact that the ruptured length is
almost doubled (but still confined below the sealing formation) and the average
coseismic slip is four times larger. In contrast with results presented in Table 3, where a
rupture nucleating in a velocity-weakening fault could propagate through the sealing
formation, with a reduced friction drop, even with a strong velocity-weakening
dependency rupture is not propagating into the unit confining the aquifer. This indicates
that injection activity in a target scenario like the one investigated by Samuelson and
Spiers (2012) and by Pluymakers and Niemeijer (2015) would be safe. That is, even if a
fault is reactivated, the resulting rupture does not constitute a danger to the sealing
formation. Not shown here, a velocity-strengthening overburden (which is the most
likely setting for a CO2-injection scenario in the Netherlands) would be even more

effective in preventing rupture propagating upwards.
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611 Fig. 8: Results monitored at two different locations along the fault (one in the underburden

612 (depth=1.055km) and one within the reservoir (depth=1km), for two different simulations, respectively
613  velocity weakening and velocity strengthening, for the interfaces located below 1050 m depth: Evolution
614  of (a) the coefficient of friction, (b) final co-seismic slip., (c) slip velocity within the reservoir and (d)
615  slip velocity in the underburden, limited to the first 0.2 s of rupture, different vertical scale in (c) and (d).
616 In (a) and (b) the time scale is logarithmic, to better visualize the different regimes during rupture. (a-b)
617  value refers only to the units below 1050m depth.

618 In Fig. 8, the evolutions of slip rate and of friction coefficient during rupture are
619  shown, for interfaces at different locations in the aquifer and in the underlying rock
620 mass. The larger rupture taking place in the velocity weakening is characterized by the
621  features visible in Fig. 8d: the slip rate shows 4 spikes occurring in a very short time but

622  separated by a short pause with slip-rate temporarily going to zero. The relevance of
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that behavior is visible also in the cumulative slip in Fig. 8b, where the slip in the
underburden immediately ramps up for both fault rheologies in a similar way (slightly
larger for the (a-b) =-0.01 case), then keeps increasing by a number of short pulses only
in the case of velocity-weakening rupture, and from 0.1 s onwards propagates smoothly
(although the slip-rate is characterized by the numerous small bumps visible in Fig. 8d).
In Fig.8c it is possible to see how the slip in the underburden propagates the rupture in
the reservoir (black dashed lines, Fig. 8b): this is not taking place with similar slip peak,
but, as visible in Fig. 8c, by a large number of small bumps. Those small bumps are
induced by the rupture style in the underburden and are likely to be absent if the
reservoir had velocity-strengthening behavior, as visible in Fig. 8c and 8d for the
heterogeneous velocity-neutral and velocity-strengthening case (red curve). The
different rupture process in the underburden can be seen in the friction coefficient
evolution in Fig. 8a, where a longer-term gradual decrease is visible for the velocity-
strengthening case and it is reflected in a corresponding longer term increase in the
cumulative slip. This gradual decrease in the friction coefficient is due to a gradual
decrease in slip-rate: the interface is still failing, but at a low and decreasing slip-rate,
well below the rate that would generate a seismic signal. Thus, the interface is
undergoing failure (continuous reduction in its shear strength), but this failure is
aseismic. The slip velocity in the case of a velocity-strengthening underburden is almost
negligible after 0.05s, however the slip taking place after that time is 0.01 cm, for a final
cumulative slip that amounts to 0.057 cm.

Magnitude calculations in Table 4 are based on the final cumulative slip,
therefore the magnitude value for that wvelocity strengthening case may be
overestimated. Whether the rupture could be felt by humans on the ground surface and
if it can induce some damage on buildings and infrastructure depends on the magnitude,
distances to the seismic source and seismic wave attenuation, and ultimately the
amplitude and frequency of the seismic waves reaching the surface. As an example,
seismic accelerations recorded at the surface from the rupture generated by velocity-
weakening and —strengthening of Fig.7 are shown in Fig. 9. P- and S- wave arrivals are

clearly identifiable, while surface waves are absent due to the proximity of the source.
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Fig. 9: Synthetic waveform generated by the different caprock properties; velocity strengthening (upper
diagram) and velocity weakening (lower diagram). Horizontal and vertical components. Horizontal
components are carrying a large share of the S-wave energy due to fault and slip orientation. Surface
waves are absent due to the station being on the fault trace. Please note the different vertical scale
between the two figures.

The synthetic seismograms show a marked difference for the simulation cases assuming
a velocity-weakening and velocity-strengthening fault behavior, with peak amplitude of
the signal being about 5 times stronger in the velocity weakening case. The magnitude
of the signal is stronger because the seismic source is bigger (Fig. 7). The model here
does not include a realistic near-surface soil model, which could significantly affect the
acceleration recorded at the surface, but it is worthwhile to note the relative difference
between the two scenarios. In order to better characterize the signal, acceleration
amplitude spectra are plotted in Fig. 10. Since the recording station is very close to the
fault trace, the signal may be affected by directivity effects and the lower frequencies

will be favored, due to the rupture propagating downwards.
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Fig. 10: Synthetic waveform spectra, generated in the two cases of either velocity strengthening or
velocity weakening fault friction below the reservoir, recorded at a surface station on the fault trace.

The velocity weakening rupture generates a signal having a larger high-frequency
component (20-40 Hz), relatively to the velocity-strengthening rupture. This frequency
band is not relevant to seismic hazard or to human-perception of a (micro) seismic event
(ISO 2631, 2003) and it is a signature of the complex rupture pattern shown in Fig. 8d.
The probability for the velocity-weakening (M,, = 2.1) event being felt by the
population at the surface is greater than for the velocity-strengthening (M, = 1.2) event
of magnitude 1.2, since accelerations at the surface are almost ten times larger with a
strong frequency content in the range of 1-5 Hz. The probability that such a shallow
event is felt, with the surface acceleration as in Fig.9, is very low for the velocity-
strengthening event, while the velocity-weakening event, though modest, will almost
certainly be felt. However, the rupture propagates below the aquifer and does not affect
the sealing properties of the above formations. Therefore fault reactivation is not
expected to pose a threat to the long-term storage of a scenario like the one here

defined, neither in an indirect or direct form.

Discussion

In this paper, we performed a forward simulation of rupture taking place on a fault
affected by variation in normal and shear stress due to fluid injection activity. The
numerical model behind the dynamic rupture has been verified against benchmark tests
discussed and proposed by the seismological community (Harris, 2009) for the
spontaneous rupture of a slip-weakening fault, in absence of an analytical solution, to
validate numerical codes against each other. Two potential limitations of the adopted 2-
D model and the 1-dimensional contact element for the interface have been identified:
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the evolution of the intermediate stress from the computation and the obligation to make
assumptions on the ruptured area. The first limitation is negligible, since Mohr-
Coulomb criterion takes into only the minimum and maximum, being unaffected by the
intermediate principal stresses. The second limitation has been addressed in a similar
scenario, where resulting magnitude from the same injection scenario modelled with a
plane strain 2D model and a 3D model gave similar values for the rupture size and slip
distance (Rinaldi et al., 2015b).

The approach taken here allows one to easily account for increased complexity
in the fault rheology, enabling a range of behaviors to be included in the numerical
model, from that of the phenomenological 1-D spring-slider system (Scholtz, 1998) to
the behavior of the linked spring-dashpot-slider system (Hulikal et al., 2015) available
in the literature.

The uncertainties in the rock mass behavior and the influence of frictional
properties on the slip distance and on the seismic cycle are not affected by the 2D plane-
strain assumption. Note that the induced earthquake magnitude estimates given here
should be evaluated in a relative sense for comparison of different cases and not as
absolute values. Still, we note that a similar scenario comparing resulting magnitude
from a plane strain 2D model and a 3D model gave similar values for the rupture size
and slip distance (Rinaldi et al., 2015b).

The interface can be thought as a single-degree-of-freedom system (a spring-
slider): stability analysis predicts unstable slip (generally representative of earthquake
rupture) if the (a-b) is negative and the absolute value of (a-b) in the Eq. 3 is larger than
a certain critical value (Scholtz, 1998). In the case of a crack with size L embedded in
an elastic medium, with shear modulus G, the critical value can be determined as

follows:

a—b< -1 (6)

Loy
where A is a parameter on the order of unity and &, is the effective normal stress.
For a single interface in the nucleation zone, with normal effective stress of 4.5 MPa
(Fig. 4a) and considering a critical distance D.=1 um, we obtain that the minimum value
of (a-b) is -0.001. Therefore, our choice of a-b for the velocity-weakening case is above
this threshold, i.e., its absolute value is larger than 0.001. This threshold depends on D,
a parameter that with the current state of the knowledge cannot be constrained a-priori.

The results of our model sensitivity analysis, shown in Fig. 3, gives a threshold value
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for D, of 1*10“ meters, to exclude influence of the critical distance on rupture
magnitude. Our choice of D=1 um is justified a-posteriori to allow for rupture to
develop completely, since smaller values are not affecting the solution. The value
obtained is small but consistent with small scale experiments performed in a controlled
laboratory environment (size of the samples of centimeters). Fluid injection into rock
mass performed at an underground laboratory to investigate permeability enhancement
and fault reactivation suggests a critical distance of the order of 0.3 mm (Guglielmi et
al., 2015): this value is the cumulative displacement recorded between two anchors at a
distance across the fault meaning that the slip taken place on the actual fault plane could
be smaller. Slip-weakening distance inferred from near-fault station waveform
inversions (Fukuyama and Mikumo, 2007) suggests that we should expect a much
larger critical distance (on the orders of meters) in a tectonic setting, although
seismological estimates are generally calculated for large magnitude events (>6) and
events of magnitude comparable to the ones obtained in our simulations are generally
not investigated. However, seismological observations are by their very nature
macroscopic observations and lack the resolution or the high frequency signal necessary
to image the rupture process (Cocco and Tinti, 2008). Since our goal is to depict a
worst-case scenario for the assumed range of (a-b), from -0.01 to +0.01, we have chosen
the critical distance value that allows for a complete seismic rupture to develop, in
agreement with the order of magnitude obtained by laboratory experiments: the
injection scenario may reactivate a fault for which we do not have seismological
observations to constrain the choice. The maximum slips obtained with various values
of the critical distance, for injection of fluid in a velocity-neutral (but slip weakening)
scenario, are shown in Fig. 3.

The rupture generated in the unstable slip regime is larger in terms of peak and
average slip, and in terms of earthquake magnitude, than the rupture generated by
velocity strengthening and by velocity neutral cases, though the rupture area is less
affected by relative changes in (a-b) values. If the assumption regarding dependence of
the seismic versus aseismic rupture regime on (a-b) value is correct, this means that the
modelled rupture in case of stable sliding (achieved when (a-b)>-0.001) may be
representative of the maximum aseismic deformation.

The threshold value of (a-b) for unstable and stable slip is inversely proportional
to the effective normal stress (Eq. 6), i.e. continuously increasing pore pressure will at

first promote unstable slip and thereafter stable slip will take place, assuming the
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properties defining the (a-b) value of the formation does not vary with the pressure. In
this interpretation, healing of the fault plays an important role and may help
discriminating the deformation mechanism, which may be aseismic rupture, potentially
affecting permeability of the faults and fractures involved, or poroelastic deformation,
which is expected to have a lesser impact on the fluid movements. In our simulation, the
minimum normal effective stress reached after the third event (Fig.4) is still large
enough not to affect the critical value for unstable slip with respect to the values of (a-b)
we investigate.

The low value of normal stress acting on the interfaces combined with the
interface slip speed in our model (< 1 m/s) are much too low to produce sufficient shear
heating to induce major thermal weakening effects of the type discussed by Rice (2006)
or Noda and Shimamoto (2005). This is easily demonstrated using the analytical result
presented by Rice (2006) for the maximum temperature increase caused by adiabatic
frictional heating of a fault, written AT = poneX/pcw. Inserting into this a friction
coefficient p of 0.6, an effective normal stress opne 0f 10 MPa, a slip zone thickness w of
1 mm, a mean slip velocity of 1 m/s, a slip distance x of 10 cm (slip duration 0.01 s) and
typical values for water-saturated fault rock density (p = 2200 kg.m™) and specific heat
capacity (c =1 kJ.kg*K™), yields a maximum temperature increase of 27.2 °C. This is
clearly far too small to produce slip weakening by frictional melting. Thermal
pressurization of the pore fluid and associated reduction in effective normal stress and
hence fault friction will also be minor (though perhaps becoming significant at 3-4 km
depth). Thermal activation of the microscale deformation processes that control fault
friction (e.g. Pluymakers et al., 2014) will be negligible too, except possibly via flash-
heating of contact asperities at slip rates >1 m/s. At lower velocities, effects of
microscale asperity heating are already included in experimental data on frictional
behavior. Our model does not include shear heating explicitly, but effects at velocities
below 1 m/s are embodied in the values of (a-b) used. We assume that macroscopic
fluid flow is not affected by what is happening in the pore fluid in the narrow zone of
fault rock that accommodates slippage.

The deterministic forward modelling applied here can help in quantifying a
worst-case scenario, to investigate how rupture size can be affected by a complex
friction coefficient that depends not only on slip distance (slip-weakening, a-b=0) but

also on slip velocity (velocity-weakening or velocity-strengthening). The effect of
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inertial dependency can be noticeable, with a variability of one order of the expected
magnitude from the mild velocity weakening (a-b = -0.01) event to the mild velocity
strengthening (a-b = +0.01). For the largest rupture, boundary effects may have affected
the stress distribution when rupture approaches the bottom roller boundary. This aspect
needs further investigation, especially for its possible influence on long-term seismicity
migration. The domain size here defined is large enough to correctly capture the
pressurization due to the CO2 injection and storage activities without influence on the
numerical solution due to the boundaries proximity (Mazzoldi et al., 2012), but to
correctly characterize largest rupture in an unfavorable setting and to investigate the
potential migration of seismicity a larger domain is deemed necessary.

In the future, numerically obtained ground acceleration may be included for a
first order site-specific hazard estimate, to better define the seismic hazard related to
human activity, including the numerical results into a statistical framework as the
PSHA. This approach can benefit from including the relevant information on single
faults, as shown by the study of Van Eck et al. (2006. The relative weight of
acceleration frequencies as perceived by the human body, as defined in the guidelines
ISO 2631 (2003) shows that the strongest perception is on the band 1-5 Hz, therefore
the velocity weakening events are more likely to be felt by the population, not only
because of the relatively larger magnitude but also because of the frequency content.

Future microphysical investigations of rock properties will be helpful, if
thermally activated deformation processes and compositional variations relevant to fault
rheology and e rupture can be identified and quantified (e.g. see Den Hartog and Spiers,
2014, Pluymakers and Spiers, 2015, Scuderi et al., 2013). The temperature field,
affected by the fluid flow, can be modelled by the tool proposed here and the associated
variability in frictional properties can then be taken into account.

Interaction between fault gouge and CO; rich fluids has been previously shown
to have little or no short term effect on the frictional strength and velocity dependence
of friction for clastic, anhydrite and carbonate fault gouges at temperatures up to 75-
120°C, i.e. for the temperature conditions and overall scenario discussed here
(Samuelson & Spiers 2012; Pluymakers and Niemeijer 2015). The long term effects of,
and possible solutions to, shear- enhanced permeability in caprocks has not been
considered here. However, even if shearing enhances permeability, viable and safe CO,
storage can still be achieved, assuming the thickness of the caprock is large enough, that

post-rupture caprock healing is rapid (as shown for anhydrite fault gouge by

30



829
830
831
832
833
834
835
836
837
838
839
840

841
842

843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861

Pluymakers and Spiers., 2015), and/or that in the geological system is multi-layered
such that CO, may leak to a shallower capped compartment without raising pressure and
further reactivating the leaking fault (as discussed in the study by Rinaldi et al., 2014a
where rupture propagates through the caprock ).

Characterization of potential CO, storage sites generally focuses on the structure
and properties of the units above the reservoir, which are relevant to sealing capacity
and long-term storage integrity. However, in assessing the potential for fault
reactivation and induced seismicity, the frictional behavior of the deeper units has a
strong influence on the propagation of rupture. Although fault rocks and caprocks may
show minimal or even favourable changes in permeability upon (re) shearing, the
magnitude of potential induced seismic events may be the limiting factor for injection

and storage capacity.

Conclusions
We have modelled CO2-injection-induced fault rupture focusing on the effects of

including the dependency of friction on slip-rate, in the framework of the rate-and-state
“slowness law” (Scholz, 1998). The model presented here can account for frictional
heterogeneities on the fault plane and provide constraints on the conditions needed to
cause seismic slip, thus helping identify and achieve safe versus unsafe conditions for
injection and storage of CO; in a confined aquifer. To determine the worst case scenario
we modelled what would be rather unsafe conditions (high and sustained injection rate)
in proximity of a fault with favourable conditions for large seismic slip (large stress
drop and velocity weakening behavior). The fault plane was modelled using contact
elements (interfaces) in a coupled hydro-mechanical simulator, capable of computing
the poro-elastic stresses acting on the fault plane and the pressure field perturbed by the
fluid injection. An interface element allows accommodation of the large strain that a
single interface can undergo during failure, without compromising the resolution
obtained by grid elements. A fault represented by finely distributed interface elements
allows to take into account complex distribution of properties and to evaluate their
influence on the rupture process.

The results obtained by a 2D plane strain approximation can represent a 3D
system well (Rinaldi et al., 2015b). The model results show that the injection pressure
itself is not enough to define a threshold for rupture nucleation: consideration of

seismicity based only on pressure cannot constrain adequately the energy released by
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the generated event. The same injection scenario and the same increase in pressure can
induce events with different seismic magnitude. This is because which formation
ruptures and which does not, depends not only on the stress changes, but also on the
fault properties. Our results show that rupture propagates through the sealing formation
only for homogeneous velocity weakening cases associated with a strong initial friction
drop. Variations in rate and state (a-b) values led to similar absolute variations in the
resulting magnitude. For a fault with a large friction drop, and in the worst case scenario
considered here, the magnitude of the largest event ranged between a minimum of 2.58,
associated with (a-b) =+0.01 homogeneously distributed along the fault, to a maximum
of 3.58 with (a-b) =-0.01 - a variation of 1 unit of magnitude between the two cases.
Similar variation in event magnitude is obtained by considering smaller drops in friction
in an heterogeneous fault, where the (a-b) variations occur only in the underburden. In
this case, event magnitude ranged from a minimum of 1.2 for (a-b)=+0.01 to a
maximum of 2.1 for (a-b)=-0.01, demonstrating a variation of 0.9 units of magnitude
between the two cases.

These results we present are limited to the scenario designed here and only
limited generic conclusions can be safely derived. The magnitude values are heavily
influenced by the initial drop in friction angle, which here is chosen large to depict a
worst-case scenario. However, it takes only 1 um of fault slip until the rate-dependency
kicks in and it will be active during centimeters of slip. So the rate-dependency will
generally have a profound effect on the slip behavior and resulting seismic magnitude.
A problem faced in studying the reactivation of seismically quiet fractures and faults is
that they may not be like active earthquake faults that are continuously creeping,
because generally they are not critically stressed. Therefore an initial shear strength
drop is necessary to nucleate dynamic shear slip on the fault. This is one difficulty in
applying the conventional rate-and-state friction law to injection-induced seismicity.
Another critical aspect is the size and location of the nucleation patch. In our model, the
stress distribution is relatively homogeneous and smooth, even after fluid injection, and
nucleation takes place at the bottom of the reservoir. By contrast, the aquifer is
pressurized in its upper part, since CO2 is less dense and more mobile than the fluid
originally present in. the formation. This implies that: a different injected fluid can
perturb the pressure and stress distribution differently, affecting nucleation, timing and

size of the triggered rupture.
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Our simulations show that rupture nucleated in the underburden may affect the
sealing properties of the formation above the aquifer, but only if a number of special
conditions are met, specifically the underburden fault material must show markedly
velocity-weakening friction and a large drop in friction with slip, accompanying
pronounced aquifer pressurization. These conditions can be in general excluded by a
rigorous characterization of the injection site formations and through a careful planning
of the injection strategy. For the case investigated here, rupture of the sealing formation
can be most likely excluded, due to the properties of the sealing formation and of the
fault gouge expected to be present in the underburden formation.

Synthetic seismograms generated by the calculated rupture in the realistic
scenario have been calculated and indicates that a shallow rupture may be felt close to
the fault trace, for the velocity-weakening scenario investigated.

The study here presented shows that fault rheology has a significant impact on
the numerical modelling results. The tool presented can be readily used to test available
1-D analytical solutions for complex frictional constitutive behavior, including but not
limited to viscoelastic asperities or can directly include friction laws derived from
microphysical mechanisms, when the slip-rate dependency of friction on temperature,

pressure or fluid-rock interaction can be quantitatively defined.

Appendix A

Rupture model verification against SCEC benchmarks
The FLAC code capability of resolving spontaneous seismic rupture, by means of slip

weakening on contact elements (interfaces), was evaluated against two Southern
California Earthquake Center (SCEC) benchmark tests related to dynamic rupture
along a dipping fault plane (Harris et al., 2009). Fig. A1 shows a scheme of the 2D
FLAC model (as a slice of a 3D setting), the friction evolution and stress distribution
along the fault. The benchmarks considered here are the SCEC 2D Problem Version 10
and 11 (TPV 10 and TPV 11), representing spontaneous rupture on a 60 degree normal
fault, respectively, with subshear and supershear rupture propagation. It is a 60 degree
dipping normal fault embedded in a homogeneous 2-dimensional elastic half-space with
P- and S-wave speeds of 5716 and 3300 m/s respectively, and density of 2700 kg/m3.

The fault resides completely in the half-space and reaches the Earth’s surface, where
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tensile rupture should be prevented, by benchmark definition, for example by assigning
a high tensile strength.

The fault has a length of 15000 m down-dip and the nucleation of the rupture takes
place on a segment of 3000 m length, centered at 12000 m down-dip distance. The half-
space domain is 20 km deep and 30 km wide (red plane in Fig. Al), the nucleation
patch center is located halfway between the vertical boundaries. A strength barrier is
preventing rupture along the fault deeper than 15000 m down-dip.

The 2D FLAC model domain is divided in a number of zones, having equal height of
100 m (as per benchmark definition) and variable width. A number of observation

points are located along the fault and at the surface.

Friction evolution
a) b) 038

0,7 ==TPV10-2D

——TPV11-2D

0,6

0,5

Friction coefficient

0,4
0 02 04 06 08 1

Slip distance (m)

Stress distribution on the fault

0
==Shear stress
5 =——Normal stress
\ Pressure
15 \ \
20

0 50 100 150 200 250
Stress (MPa)

(@]
—

Distance along dip (km)
S

Fig. Al: schematic of the model domain and initial stress distribution: (a) 2D model domain (in red)
intersecting the 3D problem domain with the 3 by 3 km nucleation patch centered at 12 km down-dip
from the surface. (b), friction evolution for the two benchmarks considered. (c), Stress distribution on the
fault that generates the spontaneous rupture

Fault frictional properties and desired stress normal and shear components for both
benchmarks are shown in Table Al. Initial and boundary conditions will be imposed on
the model to generate these required tractions. The shear failure taking place is triggered
by a slip weakening process occurring over a predefined critical distance, driving the
transition from static to dynamic friction.

Free surface conditions are imposed on the top boundary, roller conditions (zero

displacement in the vertical direction) are imposed on the bottom. Finally, on the right

34



951
952
953
954

956
957

958
959
960
961
962
963

and left model boundaries a constant compressive stress is applied using a magnitude
and gradient necessary to produce the required normal and shear stress gradients on the

fault plane.

Table Al: Frictional properties and stress values for TPV10 and TPV11. c represents cohesion, ¢=0.2 X
10° Pa, pore pressure e calculated to correctly define shear and normal stress inside and outside the
nucleation patch, assuming vertical stress is lithostatic.

Fault Nucleation TPV10 Nucleation TPV11 | QOutside
Parameters nucleation
Static friction 0.76 0.57 Same as
coefficient i nucleation
patch
Dynamic 0.448 0.448 0.448
friction

coefficient py

Slip weakening 0.5m 0.5m 0.5m
distance
oo Initial 7378 Pa/m 7378 Pa/m 7378 Pa/m
effective

normal stress

gradient (along

fault)
1o Initial shear | c+((us+0.0057)*co*distance | c+((us+0.0057)*co* 0.5506y
stress gradient down-dip) distance down-dip)

(along fault)

Pore pressure 8508.54 Pa/m *distance 8508.54 Pa/m (8508.54 Pa/m
(along fault) down-dip * distance down- xdistance
dip down-dip )—
29289 Pa

During the dynamic simulation, absorbing boundary conditions were imposed on all the
boundaries, except at the free top surface, effectively allowing the energy released
during the rupture to propagate out of the model, avoiding that the seismic wave is
bounced back, affecting the rupture process with spurious reflections.

The accuracy of the seismic wave generated by the rupture depends on its frequency and

on the largest zone size: for accurate representation of wave transmission, the spatial
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element size must be smaller than about one-tenth of the wavelength associated with the
highest frequency component. Given the S-wave velocity and the maximum zone size,
we expect a good resolution of frequency up to 3 Hz.

A damping factor is added, to represent the intrinsic attenuation of the real media and to
attenuate the spurious high frequency that may arise in the finite difference numeric
scheme (Knopoff and Ni, 2001). A Raleigh damping factor of magnitude 0.05 and
having central frequency of 2Hz has been applied, to preserve the frequencies that can
be physically represented by the model.

Fig. A2 presents a comparison of slip rate and slip for two stations on the fault, one
inside the nucleation zone (at 12 km down-along-dip) and one outside (at 7.5km down-
along-dip). Our solution obtained with FLAC is compared with the solutions obtained
by different codes: MAFE (Ma et al., 2006), FDMAP (Kozdon et al., 2012), Pylith 1.7
(Aagaard et al., 2013), FaultMod (Barall, 2009), SCOOT (Andrews and Ben-Zion,
1997). The solution calculated with our approach with respect to TPV10 is in good
agreement with the solutions from the other codes: peak slip-rate, cumulative slip and
the qualitative shape of the slip-rate evolution matches well. The second peak in the
station at 12 km dip is originated by the seismic waves reflected at the free top surface.
The benchmark TPV11 shows a constant shift in time: it does not change the behavior
or rupture characteristic and it is a simple offset that can be attributed to the numeric of
the initiation of the very first rupture. We are therefore satisfied with the performance
and capabilities of our contact element rupture model.

a) Slip rate, 12 km along fault dip Slip rate, 7.5 km along fault dip
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Fig. A2: Benchmark results, qualitative comparison of our model with other finite difference and finite
elements codes. (a) shows result for TPV10, subshear rupture. (b) results for benchmark TPV11,
supershear rupture. Both cases shows two peaks in slip-rate, the first one due to the rupture propagating
toward the surface and the second one due to the seismic wave bounced back by the surface. In the

Results for the benchmarks are available at the SCEC webpage.
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