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Abstract 19 

Poro-elastic stress and effective stress reduction associated with deep underground fluid 20 

injection can potentially trigger shear rupture along pre-existing faults. We modeled an 21 

idealized CO2 injection scenario, to assess the effects on faults in the first phase of a 22 

generic CO2 aquifer storage operation. We used coupled multiphase fluid flow and 23 

geomechanical numerical modeling to evaluate the stress and pressure perturbations 24 

induced by fluid injection and the response of a nearby normal fault. Slip-rate dependent 25 

friction and inertial effects have been taken into account during rupture. Contact 26 

elements have been used to take into account the frictional behavior of the rupture 27 

plane. We investigated different scenarios of  injection rate to induce rupture on the 28 

fault, employing various fault rheologies. Published laboratory data on CO2-saturated 29 

intact and crushed rock samples, representative of a potential target aquifer, sealing 30 

formation and fault gouge, have been used to define a scenario where different fault 31 

rheologies apply at different depths. Nucleation of fault rupture takes place at the 32 

bottom of the reservoir, in agreement with analytical poro-elastic stress calculations, 33 

depending on injection-induced reservoir inflation and the tectonic stress scenario. For 34 

the stress state considered here, the first triggered rupture always produces the largest 35 

rupture length and slip magnitude, both of which correlate with the fault rheology. 36 

Velocity weakening produces larger ruptures and generates larger magnitude seismic 37 
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events. Heterogeneous faults have been considered including velocity-weakening or 38 

velocity strengthening sections inside and below the aquifer, with the upper sections 39 

being velocity-neutral. Nucleation of rupture in a velocity-strengthening section results 40 

in a limited rupture extension, both in terms of maximum slip and rupture length. For a 41 

heterogeneous fault with nucleation in a velocity-weakening section, the rupture may 42 

propagate into the overlying velocity-neutral section, if the extent of velocity-43 

weakening and associated friction drop are large enough.  44 

Introduction 45 

 46 

Effects of underground fluid injection operations can extend far beyond the rock volume 47 

hosting the injected fluid (Rudnicki,1986). These effects may involve both pore 48 

pressure and stress perturbations that could potentially trigger fault rupture at a 49 

significant distance from the injection point (Simpson,1986). This was observed for 50 

example in the 1968 Denver earthquake sequence due to fluid injection into the 51 

underground (Healy et al., 1968), where seismicity started during injection operations 52 

and propagated at a distance of more than 5 kilometers after the injection operations 53 

terminated.  54 

Human-felt induced events on tectonically active faults and on old, inactive 55 

faults have long been linked to a wide range of anthropogenic activities (Guha, 2000). 56 

Fluid injection and wastewater disposal activities are among them, with human-felt 57 

events associated with disposal of brine from oil production and hydraulic fracturing 58 

operations (Healy et al. 1968, Keranen et al., 2013; Kim, 2013; Walsh and Zoback, 59 

2015), with conventional and enhanced geothermal systems (Deichmann and Giardini, 60 

2009; Zang et al., 2014), and with underground gas storage reservoir development 61 

(Cesca et al., 2014). However, similar amounts of fluid injected (10-100 thousands of 62 

m
3
) at bottom-hole pressures above in-situ values ranging from 1-10 MPa in the 63 

proximity of faults have led to a range of different responses at various sites (Evans et 64 

al. 2012), from human-felt seismic events to large-scale aseismic deformation (Cornet, 65 

2016). Between the two extremes, there is also the possibility for fluid injection to 66 

generate a largely aseismic perturbation followed by the triggering of a relatively large 67 

event, as happened in St. Gallen (Switzerland) during the initial injection activities 68 

associated with an EGS reservoir (Obermann et al., 2015).  69 
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Why ruptures slip seismically or aseismically has been investigated in a number 70 

of studies combining field data on tectonically active faults and associated earthquakes 71 

with laboratory measurements of representative fault fill properties (De Paola et al., 72 

2011, Niemeijer et al., 2014, Scuderi et al., 2013). Processes promoting seismic slip 73 

may arise from the presence of fluids and from fluid pressure changes, as well as 74 

thermal (Noda and Shimamoto, 2005) and thermochemical pressurization (Brantut et 75 

al., 2010; Chen et al., 2013), CO2 degassing (Collettini et al., 2008) and fluid assisted 76 

healing (Bos and Spiers, 2002). Aside from tectonically active faults, old, inactive faults 77 

can be destabilized (reactivated) by fluid pressurization during industrial injection 78 

operations, at shallow crustal depth (1-5 km) (see Ellsworth, 2013 and references 79 

therein). 80 

 The excess load supported by a fault at failure, and the manner in which  the 81 

fault  reacts and releases the elastic energy stored in the surrounding rock depend on 82 

local conditions and on intrinsic material properties. The analysis of the complex pattern 83 

of induced seismicity and aseismic deformation associated with high pressure fluid 84 

injection (Hillers et al., 2015, Obermann et al., 2015, Calò et al. 2011) shows 85 

complementary aspects of the decoupling between rock mass deformation, microseismic 86 

activity and the occurrence of the human-felt events. For example, in the case of the 87 

Basel Deep Geothermal Project, a fractured granite reservoir was stimulated and a 88 

relatively large event (Mw = 3.9) was induced 5 days after the start of the injection, 89 

while peak deformation was reached some 15 days after the bleed-off and after the 90 

induced seismicity had ceased (Hillers et al., 2015). Delayed peak deformation is a sign 91 

that the rock mass was still deforming after stimulation ceased, most likely due to 92 

hydraulic diffusion of the pressurized injection zone. After injection ceased, the 93 

overpressure resulting from the injection activity is relaxing, through pressure diffusion 94 

in the fractured rock mass and the bleed-off of the well. It is possible that the delayed 95 

(with respect to the large magnitude event taking place shortly after the end of the 96 

injection) peak reservoir deformation is due to the poroelastic strain induced by the 97 

increase in effective stresses, however, large deformation can still be generated by an 98 

aseismic rupture process. The pressure can still be high enough to promote plastic 99 

failure, but the effective normal stress may be too low to generate unstable critical slip, 100 

as can be inferred by analysis of a spring-slider system (Scholz, 1998). 101 

 To date, geological storage of CO2 has not been associated with human-felt 102 

induced seismicity, neither at onshore or offshore storage sites (Arts et al., 2008, 103 
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Martens et al., 2013, Rutqvist et al., 2014). The largest event detected and documented 104 

in relation to an onshore CO2 storage site is an Mw = 1.7 event at the In Salah CO2 105 

storage project, Algeria (Stork et al., 2015). The offshore CO2 storage site at Sleipner, 106 

where CO2 injection began in 1996, shows no evidence of seismicity associated with 107 

CO2 injection operations: since 1990 a regional seismic network recorded various 108 

events of magnitude ML 2-3 within 50 km of the injection site, with no change in rate 109 

of events in the years before and after the injection operation started. Although there is 110 

no local seismic network, it can be excluded that the injection generates events of 111 

magnitude larger than 2 (Evans, 2012). 112 

 It has been argued that adopting large-scale CO2 storage, in the context of 113 

carbon capture and storage (CCS) is a risky strategy (Zoback and Gorelick, 2012), with 114 

seal integrity and societal acceptance of CCS being threatened by fault reactivation 115 

generating small-to moderate-sized earthquakes. However, numerical simulations have 116 

shown that induced seismicity does not necessarily compromise the sealing capacity of 117 

a storage site (Rinaldi et al., 2014b). For example, seismic events may be the result of 118 

fault activation below the reservoir rather than above, keeping the overlying seal intact. 119 

Moreover, heterogeneities along complex fault structures may limit both leakage and 120 

maximum event magnitude (Rinaldi et al., 2014a).  121 

 One current issue with such simulations, however, is a limited understanding of 122 

the influence of the fault rheology on the rupture process. In-situ conditions and fault 123 

response are difficult to predict and small, co-seismic slip displacements are hard to 124 

reproduce at the laboratory scale. In recent years, numerous laboratory experiments 125 

have been performed (Niemeijer et al., 2012) to investigate frictional properties and 126 

fault behavior during slip, for slip velocities ranging from m/s up to m/s. Occurrence 127 

of stick-slip rupture in the laboratory can be interpreted, in the conceptual model of the 128 

rate-and-state dependent friction laws, as representing laboratory equivalents of 129 

earthquake nucleation and propagation at the tectonic scale (Scholz, 1998). The 130 

reliability of such laboratory data, when extrapolated to faults in nature, is a current 131 

issue, specifically in terms of up-scaling the results from the lab to the field scale, in 132 

space and time. Currently, no comprehensive, unifying approach has been developed, 133 

the biggest limitation being the lack of a unified analytical, physics-based, model that 134 

can explain rupture behavior over the complete range of relevant slip velocities and 135 

under general boundary conditions.  136 
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 Numerical investigations for CO2 sequestration have been performed at various 137 

scales and with focus on different processes (see Kolditz et al., 2012, and reference 138 

therein for a detailed overview). Numerical models assessing the mechanical behavior 139 

of and potential for fault reactivation within CO2 storage systems targeting depleted 140 

hydrocarbon reservoirs (Orlic, 2009; Orlic et al., 2011) or deep aquifers (Rutqvist, 2012 141 

and reference therein) have been developed and tested. Generally, these studies are 142 

rather conservative for fault reactivation, assuming that the corresponding excessive 143 

stress (stress drop) is released seismically and that slip weakening is dominant in 144 

determining the frictional behavior of the sliding fault, overlooking the influence of 145 

slip-rate on frictional behavior. By contrast, data on fault friction and its dependence on 146 

slip velocity obtained from laboratory experiments have been used to understand field 147 

observations on a vertical discontinuity in the microseismic cloud recorded during 148 

hydraulic stimulations at the Newberry Volcano EGS Project, Oregon (Fang et al., 149 

2015). Such laboratory experiments have also been performed on fluid saturated rock 150 

samples to infer, for example, if carbonate-evaporite sequences can promote earthquake 151 

nucleation at different depth and temperatures (Chen et al. 2013; Pluymakers et al. 152 

2014; Verberne et al., 2014) and to predict the temperature and depth at which 153 

earthquakes can nucleate on subduction megathrusts (den Hartog, 2014). 154 

In this study, an idealized CO2-injection scenario, addressing aquifer storage, is 155 

modeled with a coupled hydro-mechanical numerical simulator with multiphase fluid 156 

flow to calculate transient evolution of injection pressure, effective stress change, and 157 

dynamic fault rupture. The goal is to overcome the limitations related to the commonly 158 

employed quasi-static approach and to explore the possibilities of implementing and 159 

applying a model for more complex, rate-dependent, frictional behavior in a fault 160 

rupture simulation.  161 

We design exploratory worst-case scenarios to quantify the maximum fault slip 162 

that can be expected considering representative velocity-weakening and velocity–163 

strengthening fault slip behavior. We define the scenarios as worst-case, since in the 164 

simulation injection is deliberately designed to induce the affected fault to rupture: in 165 

reality,  injection activities for fluid storage would be designed to avoid reaching failure 166 

conditions in terms of shear stress, normal stress and pore pressure change, allowing for  167 

all the due uncertainties regarding initial in-situ condition (stress state, permeability, 168 

fault properties). We analyzed the influence that different frictional rate dependences 169 

can have on the transition to velocity-weakening with depth. We found that for the 170 
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worst case scenarios assumed, with conditions unlikely to be met in reality, fault rupture 171 

nucleating below the injection reservoir can potentially propagate through the aquifer 172 

and reach the overlying caprock, promoting upward CO2 leakage if the associated 173 

shearing deformation enhances the permeability of the caprock.  174 

Numerical approach 175 

The simulations were performed using the TOUGH-FLAC coupled simulator 176 

(Rutqvist et al., 2002; Rutqvist, 2011), here updated for utilizing the 2D version of the 177 

geomechanical code. The coupled fluid flow and geomechanical simulator TOUGH-178 

FLAC (with FLAC3D – Itasca, 2012) has been used for a wide range of geo-179 

engineering application over the last decade (Cappa and Rutqvist, 2011, 2012; Rinaldi 180 

et al., 2014a, 2014b, 2015a, 2015b; Rutqvist et al., 2014, 2015; Mazzoldi et al., 2012; 181 

Vilarrasa and Carrera, 2015; Todesco et al., 2004). The approach adopted in this study 182 

couples FLAC (Itasca, 2011), a commercially available finite difference software tool, 183 

capable of solving mechanical and poro-elasto-plastic processes in 2D, with TOUGH2 184 

(Pruess et al., 2012), a finite difference code developed to model multiphase, multi-185 

component fluid flow in porous and fractured media.  186 

 The different characteristic times for the hydrological and mechanical 187 

phenomena included in the model allow us to solve the two processes iteratively, 188 

computing the transient solution for pore pressure and fluid flow, while the stresses and 189 

the strain components are resolved via the quasi-static mechanical solution. When the 190 

Mohr-Coulomb failure criterion for the fault zone is met, the computation to resolve 191 

stresses and strains is transitioned to fully dynamic mode, to account for the required 192 

level of detail during a dynamic rupture. This allows us to efficiently cover the 193 

potentially long times between ruptures, because the time step must vary from tenth of 194 

milliseconds for the dynamic calculations to days/weeks or even longer for the quasi-195 

static solution, which does not require inertial effects to be accounted for.  196 

 The coupling between the two codes is sequentially explicit: a fluid source term 197 

is applied to an initial static hydro-mechanical equilibrium in TOUGH2, calculating the 198 

resulting pressure field. Results from this calculation are imported into FLAC, which 199 

takes into account the variation in the pressure field as change to the effective stress, 200 

performing then a quasi-static mechanical analysis. Volumetric and shear strains are 201 

then passed back to TOUGH2, optionally updating permeability and porosity; then the 202 
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fluid flow simulation for the next time step will update the pressure field. Fig.1 depicts 203 

the iteration scheme. 204 

 The coupled TOUGH-FLAC approach has already been used in a number of 205 

similar studies to assess safety of CO2 storage (Rinaldi and Rutqvist, 2013; Rinaldi et 206 

al., 2014b), to determine maximum fault slip and seismic wave transmission (Cappa and 207 

Rutqvist, 2012), maximum sustainable injection pressure (Rutqvist et al., 2007), and 208 

influence of pre-existing tectonic stress on slip magnitude (Mazzoldi et al., 2012). The 209 

novelty of the approach presented here is the fully dynamic solution of the rupture 210 

process with contact elements, where the full equation of motion is solved for a 211 

frictional interface (i.e. zero-thickness weak plane) representing the fault plane, with the 212 

dynamic friction coefficient evolving with the shear velocity (eq. 3). This allows for 213 

including velocity dependent frictional behavior, in addition to the strain-dependent 214 

rheology. Stress- and strain-dependent bulk hydraulic properties can be included as in 215 

the aforementioned studies, as well as the thermodynamic and thermophysical 216 

properties of water-NaCl-2 CO2 mixtures, including capillary pressure and relative 217 

permeability of gas and liquid phases. 218 

A notable difference with the previous studies is the use of the 2D version of 219 

FLAC, with the advantage of being lighter on the numerical resources without losing 220 

accuracy for the scenarios investigated, since Mohr Coulomb failure criterion is a 2D 221 

approach, accounting only for the minimum and maximum principal stress (respectively 222 

vertical and horizontal, in our extensional stress regime scenario). Additionally, 223 

magnitude calculated from the same rupture scenario, modelled with a plane strain 2D 224 

model and a 3D model gave similar values for the rupture size and slip distance (Rinaldi 225 

et al., 2015b).  226 

The use of 2D elements and therefore 1D contact elements on the interface 227 

allows to define the value of the (a-b) parameters on the basis of stability analysis for a 228 

spring-slider system having only one degree-of-freedom (Scholz, 1998). 229 

The main advantage of using zero-thickness interface elements versus the use of 230 

finite size (or volume) elements to represent the fault is the decoupling of plastic strain 231 

(shear) from the elements size. With interfaces the shearing displacement can be as 232 

large as the size of the bounding elements, without incurring in excessive deformation 233 

of the element itself, which would require time-consuming technique to re-compute the 234 

grid. Since spatial and time resolution depends on the element size, the decoupling 235 

allows the use of a refined grid to reach higher resolution and at the same time to 236 
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capture large displacement. The use of these logical elements allows accounting for 237 

discontinuity in displacements across solid elements, where continuity of stresses is 238 

preserved.  239 

 An interface is defined as a particular surface located on the boundary between 240 

elements (minimum 2) and it is defined by the boundary gridpoints of the elements. 241 

Since our simulation is 2D, the interface will be defined with segments. If the gridpoints 242 

located on opposite boundaries are in contact (tensile forces below imposed interface 243 

tensile strength and distance smaller than an imposed threshold), the contact length is 244 

computed for each gridpoint. When one gridpoint is in contact with another gridpoint on 245 

the opposite side of the interface, the sum of the half of the distances between the 246 

gridpoint and its two adjacent gridpoints is the contact length contribution to the 247 

interface of that gridpoint. The contact length does not limit the shearing distance: 248 

which gridpoints are in contact and their contact length are updated at every calculation 249 

step, if the slip distance is large enough to offset elements on each side of the interface.   250 

 Normal and shear forces are evaluated at each gridpoint composing the 251 

interfaces at each solution step. Force magnitudes are derived from the stress tensor 252 

acting on each element, taking into account the contact length allocated to the gridpoint. 253 

The Mohr-Coulomb criterion gives a maximum admissible value for the shear force 254 

(Itasca, 2011):  255 

      (1) 256 

where c0 is the cohesion along the interface, L is the effective contact length,  is the 257 

friction coefficient (varying with strain and shearing velocity), Fn is the normal force, p 258 

the pore pressure. Before rupture, there is continuity in both shear and normal 259 

displacement, while during shearing only normal displacement will be continuous (non-260 

penetrating interface). When the shear force is exceeded, the associated shear flow rule 261 

is applied, to evaluate the acceleration and velocities generated by the release of 262 

excessive shear stress.  263 

 In our simulation, friction is assumed to evolve  by a drop in its value at the very 264 

beginning of the rupture; it evolves from the static value s to a reference dynamic value 265 

d linearly with increasing slip d, until the critical distance Dc is reached (slip-266 

weakening) and the friction coefficient reaches the dynamic value:  267 

    if d<Dc               (2) 268 
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Thereafter, the friction coefficient depends on sliding velocity, according to the rate-269 

and-state ‘slowness’ law when steady state slip is achieved (e.g. Scholz, 1998): 270 

    if d>Dc  and V/V0 >1        (3) 271 

where the sign of the term (a-b) defines if the interface obeys velocity strengthening 272 

behaviour (positive) or velocity weakening behaviour (negative), with respect to a 273 

reference low velocity V0, evaluated at the end of the initial slip-weakening (in our 274 

simulations is set to 1 m ), whereas if V/V0≤1 the friction coefficient is . If (a-b)=0, 275 

the interface behaviour is defined to be velocity-neutral, consistently with the previous n 276 

aming. The evolution of friction in this case is the same as it would be in the linear 277 

strain-softening or slip-weakening  formulation. 278 

 279 

 280 

Fig. 1: Representation of the explicit sequential coupling linking FLAC and TOUGH2. 281 

 282 

In the sequential coupling, the rupture processes are calculated in the mechanical 283 

solver FLAC, which must then provide a representative solution of co-seismic slip and 284 

rupture propagation. The accuracy of the co-seismic solution depends only on this 285 

component of the coupled model. Evaluating the correctness of the solution is a difficult 286 

task, since there is no analytical solution available to check the numerical results. In 287 

recent years substantial efforts have been dedicated to comparison of numerical codes 288 

related to earthquake simulations and a number of benchmark tests have been defined 289 

and executed by the Southern California Earthquake Center (SCEC) consortium (Harris 290 

et al., 2009). FLAC has been verified against some of the benchmarks proposed. The 291 

benchmarking results for the mechanical code FLAC and the implemented contact 292 

element rupture model are presented in Appendix A. The results show good agreement 293 

between the results of the FLAC code and four other codes for a benchmark involving 294 

dynamic fault rupture with slip-weakening friction behavior.   295 
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Coupled Geomechanical model 296 

The coupled TOUGH-FLAC simulator is here used to investigate slip magnitude 297 

in a generic, idealized CO2-injection scenario. We model different homogeneous and 298 

heterogeneous velocity dependent behavior for the fault, to investigate how the slip 299 

magnitude during rupture is affected by different (a-b) values, depicting a worst-case 300 

scenario. The choice of parameters describing  static and dynamic friction and the 301 

evolution of friction are is not univocal: the various sets of values chosen in this 302 

analysis are designed to define a realistic system and to allow  compar with other 303 

studies in the current literature. 304 

 The numerical domain closely follows the one proposed by Mazzoldi et al. 305 

(2012), with a known fault dipping 80° and located at 500 meters distance from the 306 

injection point (Fig. 2). The fault has no significant initial shear offset and intersects the 307 

CO2 injection formation as well as through two low-permeability units lying above (the 308 

sealing formation) and below the aquifer (the underburden).  309 

The fault is embedded in a 2  2 km elastic domain, with plane-strain condition. 310 

In the aquifer zone the minimum size of the elements is 2.5  0.5 meters. The solid 311 

elements contiguous to the fault are representative of the mechanical and hydraulic 312 

properties of a fault core and a damage zone. The fault is therefore represented by 313 

contiguous interfaces and by solid elements (Fig.2, right). The interfaces are one per 314 

each solid element in contact and mechanically characterized by shear and normal 315 

stiffness, which depends on the size and on the elastic parameters of the nearby 316 

elements. The corresponding minimum interface length (at initial condition) is 0.5 317 

meters. See Fig. 2 for a scheme of the model and for a close-up of the fault definition. 318 

 A normal tectonic setting (i.e. extensional stress regime) is imposed, where the 319 

vertical stress is the maximum principal stress and the minimum stress is the horizontal 320 

in-plane stress in our 2D representation. This is achieved by assigning appropriate initial 321 

and boundary stress conditions, choosing the horizontal stress to be a factor of 0.7 times 322 

the vertical lithostatic stress). Initially, the pore fluid pressure profile is hydrostatic, with 323 

injection taking place in a confined aquifer. 324 

The starting tectonic stresses have been applied as a boundary condition to the 325 

lateral right boundary and free surface conditions at the top boundary. Roller boundary 326 

conditions (no displacement allowed in the directional perpendicular to the boundary) 327 

are applied to the left and to the bottom boundary. Fixed pressure is imposed at the 328 

bottom and top of the model, while a no-flow boundary is applied on the left boundary. 329 
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Hydrostatic constant pressure conditions are applied to the right boundary. The confined 330 

aquifer is initially in hydrostatic equilibrium. 331 

 In the simulations, CO2 is injected at a depth of 1000 meter, at a constant rate of 332 

0.05 kg/m/s. Considering a horizontal well with an injection section 1 km long, this will 333 

amount to an injection rate of 50 kg/s, which if CO2 is injected at supercritical condition 334 

equates about 80 l/s. This injection rate is expected to generate quite large overpressure 335 

in a confined aquifer in a short time, with reactivation of a favorably oriented fault 336 

expected to happen within few days or weeks from the start of the injection. Recent 337 

numerical results have shown that this 2D approximation is reasonably accurate for 338 

studying fault rupture induced by fluid injection pressurization (Rinaldi et al., 2015b). 339 

The mechanical and hydraulic property values used are summarized in Table 1. 340 

 341 

Table 1: Rock properties for the definition of the hydromechanical model.*Shear and normal stiffness properties of 342 

the interfaces are based on the elastic parameters and on the size of the nearby elements, to avoid influence on the 343 

results (Itasca, 2011). 344 

 Overburden Caprock Aquifer Underburden Basement Fault 

core 

Density 

(kg/m
3
) 

2300 2300 2300 2300 2300 2300 

Young’s 

mod. (GPa) 

10 10 10 10 10 10* 

Poisson’s 

ratio 

0.25 0.25 0.25 0.25 0.25 0.25* 

Vp (m/s) 2284 2284 2284 2284 2284 2284 

Vs(m/s) 1319 1319 1319 1319 1319 1319 

Permeabilit

y (m
2
) 

10
-14

 10
-19

 10
-13

 10
-19

 10
-18

 10
-15

 

Porosity 0.1 0.01 0.1 0.01 0.001 0.01 

 345 
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 346 

Fig. 2: Scheme depicting different units and boundary conditions (modified after Mazzoldi et al., 2012) 347 

and close-up of the mesh discretition around  the fault including an interface (lower right) The black line 348 

defining the fault line in the TOUGH2 grid  is not an actual element of the hydraulic model and it is 349 

shown only for reference. 350 

 351 

When the failure criteria is satisfied, the simulation is run dynamically, solving 352 

the full equation of motions with a time-step of the order of microseconds, to accurately 353 

solve the onset of the rupture, allowing the rupture to develop completely. A sensitivity 354 

analysis of the parameter Dc (eq. 2) has been performed. In the framework of the 355 

slowness law, the critical distance can be interpreted as the sliding distance required to 356 

renew the contact population, once the sliding is larger than this distance the friction 357 

coefficient reaches a steady-state value (Scholz, 2002).  358 

 Finite-difference methods often suffer from spurious amplification of high-359 

frequency oscillations. A Rayleigh damping filter has therefore been applied, centered 360 

on 30 Hz frequency, to damp the potential generation of high frequency content, while 361 

preserving the high frequency content of the seismic wave propagation and of the stress 362 

variations taking place on the potentially rupturing elements. The Rayleigh damping has 363 

a flat response (minimum damping) for a range of frequency around the chosen 364 

frequency (Itasca, 2011). Outside that range, the damping assures preservation of large 365 

uniform motion and suppression of numerical oscillations. Numerical oscillations that 366 

can arise in finite difference method may induce spurious early arrest and re-rupture at 367 

arbitrary fault locations, especially where the grid is coarse (Day et al., 2005). 368 

 In the present simulations, velocities and displacements are monitored at various 369 

locations along the fault, as well on the free surface, i.e. at the fault surface trace. 370 

Synthetic seismograms can be collected and analyzed to evaluate impact of ground 371 

motion (Rutqvist et al., 2014). By varying the parameter (a-b) in the range from +0.01 372 



 13 

to -0.01, we investigate different synthetic scenarios, as well as a scenario with 373 

heterogeneous  (a-b) values on the fault, based on laboratory data collected for a 374 

prospective CO2 storage test site in the Netherlands. Here, friction rate parameters 375 

obtained from clastic reservoir and topseal rock samples from a Bunter Sandstone 376 

reservoir system in the Dutch North Sea have been used to characterize the gouge 377 

materials expected to be present in faults occurring in such clastic systems. These 378 

simulated fault rock properties have been published by Samuelson and Spiers (2012) 379 

and showed (a-b) values in the range +0.006 to +0.0015, i.e. no velocity weakening 380 

behavior, for all temperature ranges and conditions characterizing our CO2 injection 381 

scenario. Velocity weakening fault rock properties have been observed under upper 382 

crustal conditions in simulated carbonate- and anhydrite-dominated  fault gouges, but 383 

only at temperatures above 75-120 C, depending on detailed conditions (see  Scuderi et 384 

al., 2013; Verberne et al., 2014; Pluymakers and Niemeijer., 2015; De Paola et al 2015).  385 

In our scenario, these temperatures are expected to be reached only below the 386 

low permeability underburden. Nonetheless, to assess the sensitivity of our results to 387 

varying (a-b) into the velocity weakening range we have chosen this range to be –0.01 388 

to +0.01, affecting also the units that should show velocity-strengthening behavior 389 

(Pluymakers and Niemeijer, 2015).  390 

 391 

Results 392 

For the injection scenario into an aquifer under the conditions and using the 393 

parameters assumed here, stress perturbations producing spontaneous rupture are 394 

achieved after 9 days of injection, for an overpressure in the vicinity of the injection 395 

point of about 7.5 MPa. This value is in agreement with previous numerical studies 396 

(e.g., Cappa and Rutqvist, 2012; Mazzoldi et al., 2012; Rinaldi et al., 2014b), although 397 

reactivation seems to occur over a larger range of pressure variations on the basis of 398 

field data: e.g. between 1 and 15.7 MPa at Naylor Field (Otway Basin, Australia – 399 

Vidal-Gilbert et al., 2010) to 20 MPa overpressure as observed in a geothermal reservoir 400 

in the Northeast German Basin (Moeck et al., 2009). We define the nucleation zone, or 401 

the starting point of the seismic event, as the point where shear stress achieves the 402 

maximum allowed shear stress defined by the failure criterion. The final rupture size 403 

can be much larger than the nucleation zone as a result of stress transfer due to the shear 404 

dislocation, as well as inertial effects. In our simulations, independently of (a-b), the 405 
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rupture nucleates on 6 interfaces, for a total length of nucleation zone of less than 10 406 

meters, directly below the aquifer, in the underburden. Note that the nucleation zone is 407 

not directly affected by CO2. The mechanisms leading to reactivation of the fault are (i) 408 

reduction in effective stress due to pore pressure increase within the injection 409 

reservoir/aquifer and (ii) the induced poroelastic stress change due to the pressurization 410 

of the reservoir/aquifer itself (e.g., expansion leading to shear stress change along the 411 

fault and poroelastic compression of the fault zone). Previous analytical studies 412 

evaluated the stress arching due to a point source fluid injection (Rudnicki, 1986) and 413 

the pressurization of a compartment bounded by a normal fault (Soltanzadeh and 414 

Hawkes, 2009): increase in pressure at a point or in a certain compartment perturbs the 415 

effective normal stress locally and shear stresses beyond the injection point or the 416 

compartment, promoting shearing on a normal fault at distance from the injection point 417 

and at the interface between the compartment and the underlying units. Our model, in 418 

agreement with these studies, has nucleation taking place in the underburden, due to 419 

boundary and initial condition. 420 

Repeated slip on the same fault can take place with continued injection: the slip 421 

magnitude progressively decreases, even with fault friction coefficient recovering to the 422 

initial value immediately after the rupture stops. The slip magnitude decreases because 423 

the prevailing shear stress is successively relived with each rupture. Note that over time-424 

scales of a few weeks no significant reloading by tectonic forces can be expected and 425 

therefore the constant horizontal stress boundary used in this case is realistic. 426 

In order to study the evolution of co-seismic slip and slip-rate, the parameter (a-427 

b) was varied in the range from -0.01 to +0.01 (Eq. 3). Homogeneous and 428 

heterogeneous distributions of (a-b) along the fault have been considered. In all cases, 429 

initial friction drops following the slip-weakening law presented in Eq. 2. A sensitivity 430 

analysis of slip-weakening critical distance Dc has been performed, since it plays a 431 

critical role in determining the very onset of rupture and its value cannot be determined 432 

a priori. Results of this preliminary analysis are visible in Fig.3, showing various 433 

simulation runs with a constant velocity-neutral fault (a-b) =0 and different Dc values. 434 
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  435 

Fig. 3: influence of critical distance on maximum slip, velocity-neutral fault behavior, friction drop 436 

linearly from 0.6 to 0.2 over the critical distance. Each point represents a different simulation run. 437 

 438 

To not affect the rupture process, the critical distance Dc is therefore set to a value of 439 

1m, closer to the order of magnitude measured at the lab scale, rather than the value 440 

that can be derived from seismological observations, in agreement with the limitations 441 

in frequency content of the seismic wave recorded at surface stations which may lead to 442 

overestimation of the parameter (Cocco and Tinti, 2008). 443 

Velocity-neutral fault friction 444 
 Results from the velocity-neutral model (a-b=0 in Eq. 3) are presented in Fig. 4, 445 

which shows the stress evolution at a fault point located at the bottom of the aquifer 446 

(Fig. 4a), the fault slip profile for the 4 consecutive ruptures (Fig. 4b), and the pressure 447 

evolution at the injection point and at the center of the nucleation zone (Fig. 4c).  448 
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 449 

Fig.4: (a) Time evolution of stress, dashed lines indicate Mohr-Coulomb criteria for dynamic (lower) and 450 

static friction (upper). The discontinuities in the stress path are due to the ruptures happening during the 451 

dynamic phases. (b) Co-seismic final slip produced by the four ruptures happening at the indicated times. 452 

Maximum slip is always taking place at the bottom of the aquifer. (c) Pressure evolution at the bottom of 453 

the aquifer and close to the injection point. Pressure changes steadily since we do not account for elastic 454 

and plastic effects on permeability. Colors refer to the ruptures in Fig 4b. 455 

During rupture, the friction coefficient value drops to 0.2, therefore the 456 

maximum admissible shear stress is 0.2 times the normal effective stress for the single 457 

sliding interface. However, when sliding stops, the interfaces regain immediately their 458 

original strength (i.e. instantaneous healing), therefore the shear stress at the new static 459 

equilibrium may be larger than the expected for shear strength at the dynamic friction 460 

considered, as observed in Fig. 4a. Boundary effects may have affected the final stress 461 

distribution, too. Although the rupture itself is not affected, since the tip of the rupture 462 

stops at a distance above the bottom of the model, the post-rupture equilibrium stress 463 

state can be affected by the proximity of the roller boundary.  464 

 The amount of overpressure acting on the fault is variable for the consecutive 465 

events (Fig. 4c), ranging from 3.5 MPa overpressure for the first event to 7.8 MPa for 466 

the fourth event, with a reduction on the relative pressure increase with respect to the 467 

previous event. After the first event an additional increase of 2.4 MPa is necessary to 468 

nucleate the rupture, while to nucleate the third and fourth event the additional pressure 469 
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needed is respectively 1.4 MPa and 0.4 MPa. Stress distribution is affected by the 470 

injection process and the associated poro-elastic response, affecting the threshold value 471 

of pressure to nucleate rupture. 472 

 In the velocity neutral scenario, caprock integrity is preserved above the aquifer, 473 

as rupture does not propagate into it. Instead rupture tends to propagate downwards. The 474 

segment of the fault undergoing seismic slip is 600 meters, the slip peak displacement is 475 

5.3 cm, and the average slip magnitude on the ruptured segment is 2.8 cm. To evaluate 476 

the seismic magnitude associated with this ruptured area and slip length, assuming the 477 

simplest circular source model, the seismic moment is given by (Kanamori and 478 

Anderson, 1975): 479 

 480 

     (4) 481 

with G representing the shear modulus,  the average slip distance and S the ruptured 482 

area. This moment can then be translated into moment magnitude (Mw) according to the 483 

relation (Kanamori and Anderson, 1975): 484 

 485 

     (5) 486 

 487 

A circular  rupture of radius 300 m and average slip 2.8 cm yields then a moment 488 

magnitude of Mw = 2.9, which due to the shallow depth it is very likely to be felt by the 489 

population in the proximity of the fault (Rutqvist et al., 2014). Maximum slip length and 490 

the associated magnitude will henceforth be our reference values to assess the relative 491 

importance of the constitutive parameters of the rate-and-state friction law. Values of 492 

these parameters can be determined from laboratory experiments, with all the 493 

limitations due to sample size and measurement uncertainty.  494 

The magnitude obtained from rupture in Fig. 4a ranges for Mw = 2.97 for the first and 495 

strongest event to Mw = 2.0 for the last and smallest event;although the peak slip is 496 

considerably reduced, from 5.2 cm to 0.4 cm, the ruptured area is still comparable.  497 

Velocity-strengthening fault friction 498 

The co-seismic slip profiles for faults with velocity-strengthening behavior, uniformly 499 

characterized by (a-b) =+0.003 and (a-b) =+0.01, are shown in Fig.5. 500 
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 501 

Fig. 5: Co-seismic final slip, produced by a fault with velocity-strengthening frictional behavior. 502 

Maximum slip is taking place at the bottom of the aquifer. Slip length and its distribution along ruptured 503 

fault varies, but the size of the slipping area is not affected. The slip profile due to the velocity-neutral 504 

fault is comparable to the homogeneous (a-b) =+0.01 fault, but the aquifer is not rupturing. 505 

Both maximum and average slips are reduced by the velocity-strengthening behavior, 506 

while the ruptured area remains confined to the underburden and the aquifer.  507 

A sum up of the rupture sizes and magnitudes calculated according to Eq. 5 are shown 508 

in Table 2. 509 

Table 2: First rupture size, homogeneous fault velocity strengthening fault, (a-b)>0.  510 

a-b Max slip 

(cm) 

Average slip 

(cm) 

Ruptured length 

(m) 

Mw 

0 5.2 2.8 600 2.97 

+0.003 4.4 2.3 600 2.91 

+0.01 3 1.23 500 2.58 

 511 

The resulting magnitude is strongly affected by the frictional behavior of the portion of 512 

fault where earthquake nucleates. The energy released by the heterogeneous fault is 513 

reduced by a factor of three with respect to the velocity-neutral fault, since energy 514 

released depends linearly on average slip and ruptured area (Eq. 4). However, the 515 

ruptured length is less affected by the variations in (a-b) than the average and max slip. 516 
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Which formation ruptures and which does not, depends not only on pore pressure 517 

increase and/or stress changes, but also on the fault properties. Here, the rupture does 518 

not propagate completely into the aquifer for (a-b) =+0.01 519 

Velocity-weakening fault friction 520 
Rupture profiles for two cases of velocity-weakening fault behaviors, characterized by 521 

(a-b) =-0.01 and (a-b) =0.003 are presented in Fig. 6. 522 

 523 

   524 

Fig. 6: Co-seismic final slip, produced by a fault with velocity-weakening frictional behavior, scale of 525 

axis is doubled with respect to Fig. 5. Maximum slip is taking place at the bottom of the aquifer. Rupture 526 

nucleating in the underburden can propagate through the aquifer, reaching and rupturing the sealing 527 

formation (Distance along dip <960 m), although the largest slip takes place in the bottom part of the 528 

fault. 529 

The stress state and pore pressure distribution at the very beginning of the rupture 530 

nucleation are exactly the same for the velocity-neutral and the velocity-weakening 531 

cases. However the final rupture differs greatly, due to the rupture being able to reach 532 

the cap-rock for the (a-b)≤-0.003 cases here observed. Rupture results are given in 533 

Table 3. 534 

Table 3: Rupture size, homogeneous velocity-weakening fault, (a-b) <0.  535 

a-b Max slip 

(cm) 

Average slip 

(cm) 

Ruptured length 

(m) 

Mw 

-0.01 11.1 6.7 1200 3.58 
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-0.003 6.6 3.32 1150 3.35 

0 5.2 2.8 600 2.97 

 536 

Rupture area in the velocity weakening field is strongly sensitive to the magnitude of 537 

velocity weakening: although the nucleation size of the event is the same, the larger slip 538 

generated can affect strongly the surrounding medium along the fault. As seen in the 539 

velocity-weakening cases (Table 2), the ruptured length is less affected by the variations 540 

in (a-b) than the average and max slip. 541 

 The fault location where maximum slip is recorded is minimally affected by the 542 

variation in (a-b) value, too. This indicates that the overall slip distribution shape 543 

depends more on the stress state, while slip magnitude is strongly affected by the 544 

intrinsic fault properties, as shown in Fig. 5 and Fig. 6. Rupture can propagate also 545 

upwards, damaging the sealing formation, a scenario that was not predicted by simply 546 

considering a slip-weakening behavior for the fault. It must be stressed here that this is 547 

the worst-case scenario, arising from a large initial slip-weakening friction drop and a 548 

relatively strong velocity-weakening (compared to a-b value obtained from laboratory 549 

measurements), homogeneously distributed along the fault.  It should also be 550 

emphasized that one of the purposes of conducting simulations such as the present is to 551 

help define safe versus unsafe injection strategies, i.e. as a tool in identifying and 552 

avoiding scenarios that may present risks. 553 

Laboratory-derived fault behavior 554 
The data collected in the laboratory for fault gouges, representative of carbonate and 555 

anhydrite material, show a change in  behavior from velocity-strengthening to velocity-556 

weakening with increasing temperature, specifically above 75-120 C, depending on 557 

detailed conditions (e.g. Verberne et al. 2014, Pluymakers and Niemeijer, 2015). In the 558 

absence of strong hydrothermal circulation, filed temperatures correlates well with 559 

depth and therefore it may be assumed that, as a worst-case scenario, the conditions 560 

allowing the transitions are present in the units below the aquifer targeted for injection 561 

activities. Clastic reservoir and caprock compositions, on the other hand, show velocity 562 

strengthening for virtually all conditions that a reservoir or aquifer are likely to 563 

experience during CO2 injection and storage (Samuelson and Spiers 2012).  The same 564 

investigations suggest that drop in friction must be smaller than what has been tested in 565 

the previous scenarios, where a drop of friction from the static value 0.6 to a initial 566 
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dynamic value of 0.2 was included. In the following, the post slip-weakening value of 567 

friction is set to 0.4 everywhere on the fault: this will be the starting value for the 568 

chosen slip-rate dependent friciton behavior. We tested the potential effect of the two 569 

velocity-dependent frictional regimes, by imposing velocity-weakening and velocity-570 

strengthening behavior on the fault where it cuts units lying below the aquifer and 571 

imposing velocity-neutral behavior elsewhere. Fig. 7 shows the resulting co-seismic 572 

slip, for a rupture nucleating with stress and pressure conditions identical to the cases 573 

analyzed in the previous subsections.  The results are also summarized in Table 4 574 

   575 

Fig. 7: Co-seismic final slip, produced by a heterogeneous fault, with reduced friction drop. The velocity 576 

neutral red curve refers to a homogeneous fault, with (a-b) = 0 and initial reduced friction drop from 0.6 577 

to 0.4. Scale of x- axis and y- is reduced with respect to Figs. 5&6. Maximum slip is taking place at the 578 

bottom of the aquifer. Rupture nucleating in the underburden remains confined in the units below the 579 

sealing formation. 580 

 581 

Table 4: Rupture size, heterogeneous case, (a-b) variation only in the underlying units, reduced friction 582 

drop, measured at the end of the dynamic phase of the numerical simulation (8 seconds). 583 

(a-b) Max slip 

(cm) 

Average slip 

(cm) 

Ruptured length 

(m) 

Mw 

-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 584 

1.55, in comparison with the magnitude 2.97 of the previous velocity-neutral event with 585 

larger friction drop (Table 2). The absolute variation in magnitude due to velocity-586 

dependent friction, with respect to the reference velocity neutral event, is not much 587 

affected by the reduction in friction drop. For example, in the previous case with a large 588 

friction drop (0.6 to 0.2), the velocity-strengthening of (a-b) = +0.01 resulted in a 589 

reduction by a magnitude of 0.39 units, dropping from 2.97 to 2.58 (Table 2), whereas 590 

here in the case of a smaller friction drop (0.6 to 0.4), the reduction is 0.35 units, from 591 

1.55 to 1.20 (Table 4). Similarly, for velocity-weakening (a-b) =-0.01, the reductions in 592 

magnitudes are consistent and not much dependent on the amount of friction drop.  593 

 594 

The increase in magnitude from Mw =  1.20 to Mw =  2.10 when considering velocity 595 

weakening behavior below the aquifer,  reflects the fact that the ruptured length is 596 

almost doubled (but still confined below the sealing formation) and the average 597 

coseismic slip is four times larger. In contrast with results presented in Table 3, where a 598 

rupture nucleating in a velocity-weakening fault could propagate through the sealing 599 

formation, with a reduced friction drop, even with a strong velocity-weakening 600 

dependency rupture is not propagating into the unit confining the aquifer. This indicates 601 

that injection activity in a target scenario like the one investigated by Samuelson and 602 

Spiers (2012) and by Pluymakers and Niemeijer (2015) would be safe. That is, even if a 603 

fault is reactivated, the resulting rupture does not constitute a danger to the sealing 604 

formation. Not shown here, a velocity-strengthening overburden (which is the most 605 

likely setting for a CO2-injection scenario in the Netherlands) would be even more 606 

effective in preventing rupture propagating upwards.  607 
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 608 

 609 

 610 

Fig. 8: Results monitored at two different locations along the fault (one in the underburden 611 
(depth=1.055km) and one within the reservoir (depth=1km), for two different simulations, respectively 612 
velocity weakening and velocity strengthening, for the interfaces located below 1050 m depth: Evolution 613 
of  (a) the coefficient of friction, (b) final co-seismic slip., (c) slip velocity within the reservoir and (d) 614 
slip velocity in the underburden, limited to the first 0.2 s of rupture, different vertical scale in (c) and (d). 615 
In (a) and (b) the time scale is logarithmic, to better visualize the different regimes during rupture. (a-b) 616 
value refers only to the units below 1050m depth. 617 
 In Fig. 8, the evolutions of slip rate and of friction coefficient during rupture are 618 

shown, for interfaces at different locations in the aquifer and in the underlying rock 619 

mass. The larger rupture taking place in the velocity weakening is characterized by the 620 

features visible in Fig. 8d: the slip rate shows 4 spikes occurring in a very short time but 621 

separated by a short pause with slip-rate temporarily going to zero. The relevance of 622 



 24 

that behavior is visible also in the cumulative slip in Fig. 8b, where the slip in the 623 

underburden immediately ramps up for both fault rheologies in a similar way (slightly 624 

larger for the (a-b) =-0.01 case), then keeps increasing by a number of short pulses only 625 

in the case of velocity-weakening rupture, and from 0.1 s onwards propagates smoothly 626 

(although the slip-rate is characterized by the numerous small bumps visible in Fig. 8d). 627 

In Fig.8c it is possible to see how the slip in the underburden propagates the rupture in 628 

the reservoir (black dashed lines, Fig. 8b): this is not taking place with similar slip peak, 629 

but, as visible in Fig. 8c, by a large number of small bumps. Those small bumps are 630 

induced by the rupture style in the underburden and are likely to be absent if the 631 

reservoir had velocity-strengthening behavior, as visible in Fig. 8c and 8d for the 632 

heterogeneous velocity-neutral and velocity-strengthening case (red curve). The 633 

different rupture process in the underburden can be seen in the friction coefficient 634 

evolution in Fig. 8a, where a longer-term gradual decrease is visible for the velocity-635 

strengthening case and it is reflected in a corresponding longer term increase in the 636 

cumulative slip. This gradual decrease in the friction coefficient is due to a gradual 637 

decrease in slip-rate: the interface is still failing, but at a low and decreasing slip-rate, 638 

well below the rate that would generate a seismic signal. Thus, the interface is 639 

undergoing failure (continuous reduction in its shear strength), but this failure is 640 

aseismic. The slip velocity in the case of a velocity-strengthening underburden is almost 641 

negligible after 0.05s, however the slip taking place after that time is 0.01 cm, for a final 642 

cumulative slip that amounts to 0.057 cm.  643 

 Magnitude calculations in Table 4 are based on the final cumulative slip, 644 

therefore the magnitude value for that velocity strengthening case may be 645 

overestimated. Whether the rupture could be felt by humans on the ground surface and 646 

if it can induce some damage on buildings and infrastructure depends on the magnitude, 647 

distances to the seismic source and seismic wave attenuation, and ultimately the 648 

amplitude and frequency of the seismic waves reaching the surface. As an example, 649 

seismic accelerations recorded at the surface from the rupture generated by velocity-650 

weakening and –strengthening of Fig.7 are shown in Fig. 9. P- and S- wave arrivals are 651 

clearly identifiable, while surface waves are absent due to the proximity of the source. 652 
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   653 

Fig. 9: Synthetic waveform generated by the different caprock properties; velocity strengthening (upper 654 
diagram) and velocity weakening (lower diagram). Horizontal and vertical components. Horizontal 655 
components are carrying a large share of the S-wave energy due to fault and slip orientation. Surface 656 
waves are absent due to the station being on the fault trace.  Please note the different vertical scale 657 
between the two figures.  658 
 659 

The synthetic seismograms show a marked difference for the simulation cases assuming 660 

a velocity-weakening and velocity-strengthening fault behavior, with peak amplitude of 661 

the signal being about 5 times stronger in the velocity weakening case. The magnitude 662 

of the signal is stronger because the seismic source is bigger (Fig. 7). The model here 663 

does not include a realistic near-surface soil model, which could significantly affect the 664 

acceleration recorded at the surface, but it is worthwhile to note the relative difference 665 

between the two scenarios. In order to better characterize the signal, acceleration 666 

amplitude spectra are plotted in Fig. 10. Since the recording station is very close to the 667 

fault trace, the signal may be affected by directivity effects and the lower frequencies 668 

will be favored, due to the rupture propagating downwards.   669 
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 670 

Fig. 10: Synthetic waveform spectra, generated in the two cases of either velocity strengthening or 671 
velocity weakening fault friction below the reservoir, recorded at a surface station on the fault trace.  672 

The velocity weakening rupture generates a signal having a larger high-frequency 673 

component (20-40 Hz), relatively to the velocity-strengthening rupture. This frequency 674 

band is not relevant to seismic hazard or to human-perception of a (micro) seismic event 675 

(ISO 2631, 2003) and it is a signature of the complex rupture pattern shown in Fig. 8d.  676 

The probability for the velocity-weakening (Mw = 2.1) event being felt by the 677 

population at the surface is greater than for the velocity-strengthening (Mw = 1.2) event 678 

of magnitude 1.2, since accelerations at the surface are almost ten times larger with a 679 

strong frequency content in the range of 1-5 Hz. The probability that such a shallow 680 

event is felt, with the surface acceleration as in Fig.9, is very low for the velocity-681 

strengthening event, while the velocity-weakening event, though modest, will almost 682 

certainly be felt. However, the rupture propagates below the aquifer and does not affect 683 

the sealing properties of the above formations. Therefore fault reactivation is not 684 

expected to pose a threat to the long-term storage of a scenario like the one here 685 

defined, neither in an indirect or direct form. 686 

Discussion 687 

In this paper, we performed a forward simulation of rupture taking place on a fault 688 

affected by variation in normal and shear stress due to fluid injection activity. The 689 

numerical model behind the dynamic rupture has been verified against benchmark tests 690 

discussed and proposed by the seismological community (Harris, 2009) for the 691 

spontaneous rupture of a slip-weakening fault, in absence of an analytical solution, to 692 

validate numerical codes against each other. Two potential limitations of the adopted 2-693 

D model and the 1-dimensional contact element for the interface have been identified: 694 
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the evolution of the intermediate stress from the computation and the obligation to make 695 

assumptions on the ruptured area. The first limitation is negligible, since Mohr-696 

Coulomb criterion takes into only the minimum and maximum, being unaffected by the 697 

intermediate principal stresses. The second limitation has been addressed in a similar 698 

scenario, where resulting magnitude from the same injection scenario modelled with a 699 

plane strain 2D model and a 3D model gave similar values for the rupture size and slip 700 

distance (Rinaldi et al., 2015b).   701 

The approach taken here allows one to easily account for increased complexity 702 

in the fault rheology, enabling a range of behaviors to be included in the numerical 703 

model, from that of the phenomenological 1-D spring-slider system (Scholtz, 1998) to 704 

the behavior of the linked spring-dashpot-slider system (Hulikal et al., 2015) available 705 

in the literature.  706 

 The uncertainties in the rock mass behavior and the influence of frictional 707 

properties on the slip distance and on the seismic cycle are not affected by the 2D plane-708 

strain assumption. Note that the induced earthquake magnitude estimates given here 709 

should be evaluated in a relative sense for comparison of different cases and not as 710 

absolute values. Still, we note that a similar scenario comparing resulting magnitude 711 

from a plane strain 2D model and a 3D model gave similar values for the rupture size 712 

and slip distance (Rinaldi et al., 2015b). 713 

 The interface can be thought as a single-degree-of-freedom system (a spring-714 

slider): stability analysis predicts unstable slip (generally representative of earthquake 715 

rupture) if the (a-b) is negative and the absolute value of (a-b) in the Eq. 3 is larger than 716 

a certain critical value (Scholtz, 1998). In the case of a crack with size L embedded in 717 

an elastic medium, with shear modulus G, the critical value can be determined as 718 

follows: 719 

    (6) 720 

where  is a parameter on the order of unity and  is the effective normal stress. 721 

For a single interface in the nucleation zone, with normal effective stress of 4.5 MPa 722 

(Fig. 4a) and considering a critical distance Dc=1 m, we obtain that the minimum value 723 

of (a-b) is -0.001. Therefore, our choice of a-b for the velocity-weakening case is above 724 

this threshold, i.e., its absolute value is larger than 0.001. This threshold depends on Dc, 725 

a parameter that with the current state of the knowledge cannot be constrained a-priori. 726 

The results of our model sensitivity analysis, shown in Fig. 3, gives a threshold value 727 
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for Dc of 1*10
-4

 meters, to exclude influence of the critical distance on rupture 728 

magnitude. Our choice of Dc=1 m is justified a-posteriori to allow for rupture to 729 

develop completely, since smaller values are not affecting the solution. The value 730 

obtained is small but consistent with small scale experiments performed in a controlled 731 

laboratory environment (size of the samples of centimeters). Fluid injection into rock 732 

mass performed at an underground laboratory to investigate permeability enhancement 733 

and fault reactivation suggests a critical distance of the order of 0.3 mm (Guglielmi et 734 

al., 2015): this value is the cumulative displacement recorded between two anchors at a 735 

distance across the fault meaning that the slip taken place on the actual fault plane could 736 

be smaller. Slip-weakening distance inferred from near-fault station waveform 737 

inversions (Fukuyama and Mikumo, 2007) suggests that we should expect a much 738 

larger critical distance (on the orders of meters) in a tectonic setting, although 739 

seismological estimates are generally calculated for large magnitude events (>6) and 740 

events of magnitude comparable to the ones obtained in our simulations are generally 741 

not investigated. However, seismological observations are by their very nature 742 

macroscopic observations and lack the resolution or the high frequency signal necessary 743 

to image the rupture process (Cocco and Tinti, 2008).  Since our goal is to depict a 744 

worst-case scenario for the assumed range of (a-b), from -0.01 to +0.01, we have chosen 745 

the critical distance value that allows for a complete seismic rupture to develop, in 746 

agreement with the order of magnitude obtained by laboratory experiments: the 747 

injection scenario may reactivate a fault for which we do not have seismological 748 

observations to constrain the choice. The maximum slips obtained with various values 749 

of the critical distance, for injection of fluid in a velocity-neutral (but slip weakening) 750 

scenario, are shown in Fig. 3. 751 

 The rupture generated in the unstable slip regime is larger in terms of peak and 752 

average slip, and in terms of earthquake magnitude, than the rupture generated by 753 

velocity strengthening and by velocity neutral cases, though the rupture area is less 754 

affected by relative changes in (a-b) values. If the assumption regarding dependence of 755 

the seismic versus aseismic rupture regime on (a-b) value is correct, this means that the 756 

modelled rupture in case of stable sliding (achieved when (a-b)>-0.001) may be 757 

representative of the maximum aseismic deformation.  758 

The threshold value of (a-b) for unstable and stable slip is inversely proportional 759 

to the effective normal stress (Eq. 6), i.e. continuously increasing pore pressure will at 760 

first promote unstable slip and thereafter stable slip will take place, assuming the 761 
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properties defining the (a-b) value of the formation does not vary with the pressure. In 762 

this interpretation, healing of the fault plays an important role and may help 763 

discriminating the deformation mechanism, which may be aseismic rupture, potentially 764 

affecting permeability of the faults and fractures involved, or poroelastic deformation, 765 

which is expected to have a lesser impact on the fluid movements. In our simulation, the 766 

minimum normal effective stress reached after the third event (Fig.4) is still large 767 

enough not to affect the critical value for unstable slip with respect to the values of (a-b) 768 

we investigate. 769 

 The low value of normal stress acting on the interfaces combined with  the 770 

interface slip speed in our model (< 1 m/s) are much too low  to produce sufficient shear 771 

heating to induce major thermal weakening effects of the type discussed by Rice (2006) 772 

or Noda and Shimamoto (2005). This is easily demonstrated using the analytical result 773 

presented by Rice (2006) for the maximum temperature increase caused by adiabatic 774 

frictional heating of a fault, written T = nex/cw. Inserting into this a friction 775 

coefficient  of 0.6, an effective normal stress ne of 10 MPa, a slip zone thickness w of 776 

1 mm, a mean slip velocity of 1 m/s, a slip distance x of 10 cm (slip duration 0.01 s) and 777 

typical values for water-saturated fault rock density ( = 2200 kg.m
-3

) and specific heat 778 

capacity (c =1 kJ.kg
-1

K
-1

), yields a maximum temperature increase of 27.2 C. This is 779 

clearly far too small to produce slip weakening by frictional melting. Thermal 780 

pressurization of the pore fluid and associated reduction in effective normal stress and 781 

hence fault friction will also be minor (though perhaps becoming significant at 3-4 km 782 

depth). Thermal activation of the microscale deformation processes that control fault 783 

friction (e.g. Pluymakers et al., 2014) will be negligible too, except possibly via flash-784 

heating of contact asperities at slip rates 1 m/s. At lower velocities, effects of 785 

microscale asperity heating are already included in experimental data on frictional 786 

behavior.  Our model does not include shear heating explicitly, but effects at velocities 787 

below 1 m/s are embodied in the values of (a-b) used. We assume that macroscopic 788 

fluid flow is not affected by what is happening in the pore fluid in the narrow zone of 789 

fault rock that accommodates slippage. 790 

 The deterministic forward modelling applied here can help in quantifying a 791 

worst-case scenario, to investigate how rupture size can be affected by a complex 792 

friction coefficient that depends not only on slip distance (slip-weakening, a-b=0) but 793 

also on slip velocity (velocity-weakening or velocity-strengthening). The effect of 794 
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inertial dependency can be noticeable, with a variability of one order of the expected 795 

magnitude from the mild velocity weakening (a-b = -0.01) event to the mild velocity 796 

strengthening (a-b = +0.01). For the largest rupture, boundary effects may have affected 797 

the stress distribution when rupture approaches the bottom roller boundary. This aspect 798 

needs further investigation, especially for its possible influence on long-term seismicity 799 

migration. The domain size here defined is large enough to correctly capture the 800 

pressurization due to the CO2 injection and storage activities without influence on the 801 

numerical solution due to the boundaries proximity (Mazzoldi et al., 2012), but to 802 

correctly characterize largest rupture in an unfavorable setting and to investigate the 803 

potential migration of seismicity a larger domain is deemed necessary. 804 

 In the future, numerically obtained ground acceleration may be included for a 805 

first order site-specific hazard estimate, to better define the seismic hazard related to 806 

human activity, including the numerical results into a statistical framework as the 807 

PSHA. This approach can benefit from including the relevant information on single 808 

faults, as shown by the study of Van Eck et al. (2006. The relative weight of 809 

acceleration frequencies as perceived by the human body, as defined in the guidelines 810 

ISO 2631 (2003) shows that the strongest perception is on the band 1-5 Hz, therefore 811 

the velocity weakening events are more likely to be felt by the population, not only 812 

because of the relatively larger magnitude but also because of the frequency content. 813 

 Future microphysical investigations of rock properties will be helpful, if 814 

thermally activated deformation processes and compositional variations relevant to fault 815 

rheology and e rupture can be identified and quantified (e.g. see Den Hartog and Spiers, 816 

2014, Pluymakers and Spiers, 2015, Scuderi et al., 2013). The temperature field, 817 

affected by the fluid flow, can be modelled by the tool proposed here and the associated 818 

variability in frictional properties can then be taken into account.   819 

 Interaction between fault gouge and CO2 rich fluids has been previously shown 820 

to have little or no short term effect on the frictional strength and velocity dependence 821 

of friction for clastic, anhydrite and carbonate fault gouges at temperatures up to 75-822 

120C, i.e. for the temperature conditions and overall scenario discussed here 823 

(Samuelson & Spiers 2012; Pluymakers and Niemeijer 2015). The long term effects of, 824 

and possible solutions to, shear- enhanced permeability in caprocks has not been 825 

considered here. However, even if shearing enhances permeability, viable and safe CO2 826 

storage can still be achieved, assuming the thickness of the caprock is large enough, that 827 

post-rupture caprock healing is rapid (as shown for anhydrite fault gouge by 828 
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Pluymakers and Spiers., 2015), and/or that in the geological system is multi-layered 829 

such that CO2 may leak to a shallower capped compartment without raising pressure and 830 

further reactivating the leaking fault (as discussed in the study by Rinaldi et al., 2014a 831 

where rupture propagates through the caprock  ).  832 

 Characterization of potential CO2 storage sites generally focuses on the structure 833 

and properties of the units above the reservoir, which are relevant to sealing capacity 834 

and long-term storage integrity. However, in assessing the potential for fault 835 

reactivation and induced seismicity, the frictional behavior of the deeper units has a 836 

strong influence on the propagation of rupture. Although fault rocks and caprocks may 837 

show minimal or even favourable changes in permeability upon (re) shearing, the 838 

magnitude of potential induced seismic events may be the limiting factor for injection 839 

and storage capacity.  840 

Conclusions 841 

We have modelled CO2-injection-induced fault rupture focusing on the effects of 842 

including the dependency of friction on slip-rate, in the framework of the rate-and-state 843 

“slowness law” (Scholz, 1998). The model presented here can account for frictional 844 

heterogeneities on the fault plane and provide constraints on the conditions needed to 845 

cause seismic slip, thus helping identify and achieve safe versus unsafe conditions for 846 

injection and storage of CO2 in a confined aquifer. To determine the worst case scenario 847 

we modelled what would be rather unsafe conditions (high and sustained injection rate) 848 

in proximity of a fault with favourable conditions for large seismic slip (large stress 849 

drop and velocity weakening behavior). The fault plane was modelled using contact 850 

elements (interfaces) in a coupled hydro-mechanical simulator, capable of computing 851 

the poro-elastic stresses acting on the fault plane and the pressure field perturbed by the 852 

fluid injection. An interface element allows accommodation of the large strain that a 853 

single interface can undergo during failure, without compromising the resolution 854 

obtained by grid elements. A fault represented by finely distributed interface elements 855 

allows to take into account complex distribution of properties and to evaluate their 856 

influence on the rupture process.  857 

 The results obtained by a 2D plane strain approximation can represent a 3D 858 

system well (Rinaldi et al., 2015b).  The model results show that the injection pressure 859 

itself is not enough to define a threshold for rupture nucleation: consideration of 860 

seismicity based only on pressure cannot constrain adequately the energy released by 861 
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the generated event. The same injection scenario and the same increase in pressure can 862 

induce events with different seismic magnitude. This is because which formation 863 

ruptures and which does not, depends not only on the stress changes, but also on the 864 

fault properties. Our results show that rupture propagates through the sealing formation 865 

only for homogeneous velocity weakening cases associated with a strong initial friction 866 

drop. Variations in rate and state (a-b) values led to similar absolute variations in the 867 

resulting magnitude. For a fault with a large friction drop, and in the worst case scenario 868 

considered here, the magnitude of the largest event ranged between a minimum of 2.58, 869 

associated with (a-b) =+0.01 homogeneously distributed along the fault, to a maximum 870 

of 3.58 with (a-b) =-0.01 -  a variation of 1 unit of magnitude between the two cases. 871 

Similar variation in event magnitude is obtained by considering smaller drops in friction 872 

in an heterogeneous fault, where the (a-b) variations occur only in the underburden.  In 873 

this case, event magnitude ranged from a minimum of 1.2 for (a-b)=+0.01 to a 874 

maximum of 2.1 for (a-b)=-0.01, demonstrating a variation of 0.9 units of magnitude 875 

between the two cases. 876 

These results we present are limited to the scenario designed here and only 877 

limited generic conclusions can be safely derived. The magnitude values are heavily 878 

influenced by the initial drop in friction angle, which here is chosen large to depict a 879 

worst-case scenario. However, it takes only 1 m of fault slip until the rate-dependency 880 

kicks in and it will be active during centimeters of slip. So the rate-dependency will 881 

generally have a profound effect on the slip behavior and resulting seismic magnitude. 882 

A problem faced in studying the reactivation of seismically quiet fractures and faults is 883 

that they may not be like active earthquake faults that are continuously creeping, 884 

because generally they are not critically stressed. Therefore an initial shear strength 885 

drop is necessary to nucleate dynamic shear slip on the fault. This is one difficulty in 886 

applying the conventional rate-and-state friction law to injection-induced seismicity. 887 

Another critical aspect is the size and location of the nucleation patch. In our model, the 888 

stress distribution is relatively homogeneous and smooth, even after fluid injection,  and 889 

nucleation takes place at the bottom of the reservoir. By contrast, the aquifer is 890 

pressurized in its upper part, since CO2 is less dense and more mobile than the fluid 891 

originally present in. the formation.  This implies that: a different injected fluid can 892 

perturb the pressure and stress distribution differently, affecting nucleation, timing and 893 

size of the triggered rupture. 894 
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Our simulations show that rupture nucleated in the underburden may affect the 895 

sealing properties of the formation above the aquifer, but only if a number of special 896 

conditions are met, specifically the underburden fault material must show markedly 897 

velocity-weakening friction and a large drop in friction with slip, accompanying 898 

pronounced aquifer pressurization. These conditions can be in general excluded by a 899 

rigorous characterization of the injection site formations and through a careful planning 900 

of the injection strategy. For the case investigated here, rupture of the sealing formation 901 

can be most likely excluded, due to the properties of the sealing formation and of the 902 

fault gouge expected to be present in the underburden formation.  903 

Synthetic seismograms generated by the calculated rupture in the realistic 904 

scenario have been calculated and indicates that a shallow rupture may be felt close to 905 

the fault trace, for the velocity-weakening scenario investigated. 906 

The study here presented shows that fault rheology has a significant impact on 907 

the numerical modelling results. The tool presented can be readily used to test available 908 

1-D analytical solutions for complex frictional constitutive behavior, including but not 909 

limited to viscoelastic asperities or can directly include friction laws derived from 910 

microphysical mechanisms, when the slip-rate dependency of friction on temperature, 911 

pressure or fluid-rock interaction can be quantitatively defined.   912 

 913 

Appendix A  914 

Rupture model verification against SCEC benchmarks 915 

The FLAC code capability of resolving spontaneous seismic rupture, by means of slip 916 

weakening on contact elements (interfaces), was evaluated against two Southern 917 

California Earthquake Center  (SCEC) benchmark tests related to dynamic rupture 918 

along a dipping fault plane (Harris et al., 2009). Fig. A1 shows a scheme of the 2D 919 

FLAC model (as a slice of a 3D setting), the friction evolution and stress distribution 920 

along the fault. The benchmarks considered here are the SCEC 2D Problem Version 10 921 

and 11 (TPV 10 and TPV 11), representing spontaneous rupture on a 60 degree normal 922 

fault, respectively, with subshear and supershear rupture propagation. It is a 60 degree 923 

dipping normal fault embedded in a homogeneous 2-dimensional elastic half-space with 924 

P- and S-wave speeds of 5716 and 3300 m/s respectively, and density of 2700 kg/m³. 925 

The fault resides completely in the half-space and reaches the Earth’s surface, where 926 
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tensile rupture should be prevented, by benchmark definition, for example by assigning 927 

a high tensile strength.  928 

The fault has a length of 15000 m down-dip and the nucleation of the rupture takes 929 

place on a segment of 3000 m length, centered at 12000 m down-dip distance. The half-930 

space domain is 20 km deep and 30 km wide (red plane in Fig. A1), the nucleation 931 

patch center is located halfway between the vertical boundaries. A strength barrier is 932 

preventing rupture along the fault deeper than 15000 m down-dip.  933 

The 2D FLAC model domain is divided in a number of zones, having equal height of 934 

100 m (as per benchmark definition) and variable width. A number of observation 935 

points are located along the fault and at the surface.  936 

 937 

 938 

Fig. A1:  schematic of the model domain and initial stress distribution: (a) 2D model domain (in red) 939 

intersecting the 3D problem domain with the 3 by 3 km nucleation patch centered at 12 km down-dip 940 

from the surface. (b), friction evolution for the two benchmarks considered. (c), Stress distribution on the 941 

fault that generates the spontaneous rupture 942 

. 943 

Fault frictional properties and desired stress normal and shear components for both 944 

benchmarks are shown in Table A1. Initial and boundary conditions will be imposed on 945 

the model to generate these required tractions. The shear failure taking place is triggered 946 

by a slip weakening process occurring over a predefined critical distance, driving the 947 

transition from static to dynamic friction.  948 

Free surface conditions are imposed on the top boundary, roller conditions (zero 949 

displacement in the vertical direction) are imposed on the bottom. Finally, on the right 950 
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and left model boundaries a constant compressive stress is applied using a magnitude 951 

and gradient necessary to produce the required normal and shear stress gradients on the 952 

fault plane.   953 

Table A1: Frictional properties and stress values for TPV10 and TPV11. c represents cohesion, c=0.2 x 954 
10

6
 Pa, pore pressure e calculated to correctly define shear and normal stress inside and outside the  955 

nucleation patch, assuming vertical stress is lithostatic. 956 
 957 

Fault 

Parameters 

Nucleation TPV10 Nucleation TPV11 Outside 

nucleation 

Static friction 

coefficient s 

0.76 0.57 Same as 

nucleation 

patch 

Dynamic 

friction 

coefficient d 

0.448 0.448 0.448 

Slip weakening 

distance 

0.5 m 0.5 m 0.5 m 

Initial 

effective 

normal stress 

gradient (along 

fault) 

7378 Pa/m 7378 Pa/m 7378 Pa/m 

Initial shear 

stress gradient 

(along fault) 

c+((sdistance 

down-dip) 

c+((s 

distance down-dip) 

0.55 

Pore pressure  

 (along fault)

8508.54 Pa/m distance 

down-dip 

8508.54 Pa/m 

distance down-

dip 

(8508.54 Pa/m 

distance 

down-dip )– 

29289 Pa 

During the dynamic simulation, absorbing boundary conditions were imposed on all the 958 

boundaries, except at the free top surface, effectively allowing the energy released 959 

during the rupture to propagate out of the model, avoiding that the seismic wave is 960 

bounced back, affecting the rupture process with spurious reflections.   961 

The accuracy of the seismic wave generated by the rupture depends on its frequency and 962 

on the largest zone size: for accurate representation of wave transmission, the spatial 963 
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element size must be smaller than about one-tenth of the wavelength associated with the 964 

highest frequency component. Given the S-wave velocity and the maximum zone size, 965 

we expect a good resolution of frequency up to 3 Hz.  966 

A damping factor is added, to represent the intrinsic attenuation of the real media and to 967 

attenuate the spurious high frequency that may arise in the finite difference numeric 968 

scheme (Knopoff and Ni, 2001). A Raleigh damping factor of magnitude 0.05 and 969 

having central frequency of 2Hz has been applied, to preserve the frequencies that can 970 

be physically represented by the model. 971 

Fig. A2 presents a comparison of slip rate and slip for two stations on the fault, one 972 

inside the nucleation zone (at 12 km down-along-dip) and one outside (at 7.5km down-973 

along-dip). Our solution obtained with FLAC is compared with the solutions obtained 974 

by different codes: MAFE (Ma et al., 2006), FDMAP (Kozdon et al., 2012), Pylith 1.7 975 

(Aagaard et al., 2013), FaultMod (Barall, 2009), SCOOT (Andrews and Ben-Zion, 976 

1997).  The solution calculated with our approach with respect to TPV10 is in good 977 

agreement with the solutions from the other codes: peak slip-rate, cumulative slip and 978 

the qualitative shape of the slip-rate evolution matches well. The second peak in the 979 

station at 12 km dip is originated by the seismic waves reflected at the free top surface. 980 

The benchmark TPV11 shows a constant shift in time: it does not change the behavior 981 

or rupture characteristic and it is a simple offset that can be attributed to the numeric of 982 

the initiation of the very first rupture. We are therefore satisfied with the performance 983 

and capabilities of our contact element rupture model. 984 

 985 
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 986 

Fig. A2: Benchmark results, qualitative comparison of our model with other finite difference and finite 987 

elements codes. (a) shows result for TPV10, subshear rupture. (b) results for benchmark TPV11, 988 

supershear rupture. Both cases shows two peaks in slip-rate, the first one due to the rupture propagating 989 

toward the surface and the second one due to the seismic wave bounced back by the surface. In the   990 

Results for the benchmarks are available at the SCEC webpage. 991 
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