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Abstract

Understanding the injection-induced triggering mechanism is a fundamental

step  towards  controlling  the seismicity generated  by  deep  underground

exploitation. Here we propose a modeling approach based on coupling the

TOUGH2  simulator  with  a  geomechanical-stochastic  model.  The  hydro-

mechanical-stochastic  model  provides  a  good  representation  of  different

mechanisms influencing  each  other  during  and  after  the  injection  phase.

Each  mechanism affects  the induced  seismicity in  a  different  way  and  at

different times during the reservoir stimulation, confirming that a complex

interaction  is  in  place,  and  that  more  sophisticated  and  physics-based

approaches coupled with statistical  model  are required to explain such a

complex interaction. In addition to previous statistical and hybrid models, our

approach accounts for a full 3D formulation of both stresses and fluid flow,

further  including  all  the  TOUGH2  capabilities.  Furthermore,  it  includes

interactions between triggered seismic events through calculation of static

stress transfer. In this work, we present the main capabilities of TOUGH2-

SEED and apply the model to the Basel EGS case, successfully reproducing

the injection pressure as well as the evolution of the seismicity.

1. Introduction

The exploitation of natural underground resources may raise concerns to the 

population for the risk of inducing earthquakes. Recently, it has been shown 

that anthropogenic activities, such as injection or withdrawal of fluids at 

depth, may cause induced seismicity. For example the seismicity rate has 

drastically increased in the United States midcontinent with earthquakes of 

magnitude 5 or more, within regions of active unconventional underground 

energy exploitation, and where the natural seismicity prior to the beginning 



of the intense exploitation was rare or absent (e.g. Kerr, 2012; Keranen et 

al., 2014; Ellsworth et al., 2015). The potential hazard and risk for the 

affected population represents one of the main obstacles to the production 

of energy from deep underground resources, such as Enhanced Geothermal 

System, deep hydrothermal projects, and gas storage. Hence, studying how 

to prevent or reduce large induced earthquakes plays a pivotal role in the 

development and exploitation of future, innovative, and viable forms of 

natural deep underground resources.

The correlation between underground fluid injection and seismicity is an 

issue that has been extensively studied (e.g., Shapiro and Dinske, 

2009; Ellsworth, 2013). With respect to natural seismicity, it is hard to 

discriminate between the relative contributions of induced fluid pressure and

tectonic stress, but there are plenty of examples in the literature relating 

anthropogenic activity to local seismic events. Recently, a relative large 

number of reviews have been published (e.g report of the Committee on 

Induced Seismicity Potential in Energy Technologies of National Academy of 

Sciences – Hitzman et al., 2013). In more details, reviews have focused 

on: hydrocarbon fields (e.g. Suckale, 2009), deep high volume waste 

water related seismicity (e.g. Ellsworth, 2013; Frohlich et al., 2011), induced 

seismicityrelated to geothermal projects and other types of induced seismic 

events in Central Europe (Evans et al., 2012; Grünthal, 2014), hydraulic 

fracturing activities in relation to other activities (Davies et al., 2013), and 

CO2 related gas storage activities (Nicol et al., 2011).

Exploitation of the natural underground resources requires the injection (or 

withdrawal) of fluid at depth. An open question is whether we can enhance 

fluid circulation in a safe way (e.g. aseismic or with low magnitude 

seismicity), by either stimulating a pre-existing fracture network or creating 

a new one. However, such circulation may also be increased along fault 

zones, which may result as a pathway for fluid to migrate upwards and 

possibly contaminate groundwater resources. Such an effect should be 

avoided if the injection is performed to store a gas (e.g. CO2). Nowadays, no 

felt seismic events were associated to CO2 storage around the world, despite 

several studies showing that the overpressure associated with the 

CO2 injection can potentially induce seismicity (e.g. Mazzoldi et al., 2012), 



reactivates large fracture at depth (Rinaldi and Rutqvist, 2013), and 

eventually results in leakage at shallow depth (Rinaldi et al., 2014a, Rinaldi 

et al., 2014b).

One problem of induced seismicity partially defies the current state of the art

in modeling and risk assessment concepts, because: (a) the Earth crust is 

critically stressed in most places and crisscrossed with faults, but we rarely 

know the location of these faults and we do not have knowledge of their 

current state of loading; (b) the stress distribution and material properties at 

the scale of the reservoir are highly heterogeneous and also largely 

unknown.

During fluid injection, although seismicity is generally controlled by fluid 

overpressure (e.g., Rinaldi et al., 2014a, Rinaldi et al., 2014b, Rinaldi et al., 

2015b), it is not possible to rule out some other mechanisms, such as static 

stress transfers between neighboring asperities, or temperature effects 

(Catalli et al., 2013, Catalli et al., 2016, Dublanchet et al., 2013). In these 

conditions, the relationship between fluid pressure and induced seismicity is 

much more complex. Moreover, while current modeling approaches focus 

mostly on the active injection phase, the static stress transfer may become 

important at later stages during the post-injection phase (Catalli et al., 

2013, Catalli et al., 2016).

Many efforts in the last years aimed at a full understanding of coupled fluid 

flow and geomechanics processes, as well as induced seismicity. Studies 

have been performed accounting for lab experiments (e.g., Samuelson and 

Spiers, 2012; Guglielmi et al., 2015) as well as numerical modeling. The 

latter include: (a) fully coupled thermo-hydro-mechanical 3D numerical 

models (e.g., Rutqvist, 2011; Kolditz et al., 2012; Jha and Juanes, 

2014; Rinaldi et al., 2015a), (b) purely statistical models (Bachmann et al., 

2011, Shapiro et al., 2010), and (c) hybrid models combining statistical and 

physical considerations (e.g., Bachmann et al., 2012; Goertz-Allmann and 

Wiemer, 2013; Gischig and Wiemer, 2013; Gischig et al., 2014; Kiraly et al., 

2014; Karvounis and Wiemer, 2015).



In the context hybrid models, we follow the so-called “seed model” proposed

by Gischig and Wiemer (2013), of which we present here an improved 

version of the modeling approach. The transient pressure from TOUGH2 

(Pruess et al., 2011) is used to calculate the stress changes on distributed 

“seed points”, representing potential earthquake hypocenters. Assuming a 

Mohr–Coulomb failure criterion, we evaluate at each time step if a seed point

has the critical condition for reactivation given the pressure and temperature

change at the seed location.

Employing TOUGH2 as the fluid flow simulator represents an improvement 

with respect to previous models (Gischig and Wiemer, 2013, Gischig et al., 

2014), and it allows for a full 3D formulation. We also account for transient, 

implicit permeability changes, which depend on pressure variation. 

Moreover, we take into account the possibility of irreversible changes in 

permeability (e.g., due to hydroshearing): if a seed is reactivated, we 

calculate a further permeability enhancement (either slip- or plastic strain-

dependent), which is then fed back to TOUGH2. We additionally improve the 

geomechanical-statistical model by accounting for 3D stress field and by 

including the orientation (dip and strike) for each possible earthquake 

location (seed). Furthermore, the TOUGH2-SEED model can also account for 

static stress transfer, allowing the reactivation of cascade events at the 

same time step, following approaches present in literature (e.g. Baisch et al.,

2010; Catalli et al., 2016).

In this work, we first demonstrate the main capabilities of TOUGH2-SEED, 

presenting some base-case results. Then, we apply the model to simulate 

the injection at the EGS of Basel, Switzerland (Häring et al., 2008). For this 

test case, the model parameters are calibrated against observations of the 

injection-induced seismic sequence (i.e., wellhead pressure and rate of 

seismicity).

2. Modeling approach

2.1. Improvements to previous approaches

The proposed model closely follows the one introduced by Gischig and 

Wiemer (2013). However, in our updated version we use (i) TOUGH2 as fluid 

flow model, (ii) we update and improved the geomechanical-stochastic part 



of the code to account for a realistic 3D state of stress, and (iii) we include 

the static stress transfer. The working scheme of our model is represented in

detail by Fig. 1. We follow an explicit coupling scheme with TOUGH2 as main 

code. At each time step the TOUGH2 simulator computes fluid flow through 

the porous medium, and pore pressure (p) is passed to the SEED model, 

which is called internally by the main code.

Fig. 1. Coupling scheme between TOUGH2 and the stochastic-mechanics seed model.

At first time step the SEED model distributes the seeds in the domain 

(random uniform or distributed on preferential structure), and computes the 

initial stress tensor for each seed based on user input (e.g. regional stress, 

number of seeds, etc.) and stochastic variation. While in Gischig and Wiemer 

(2013) the stress regime is defined by the two principal stress components, 

in our improved version we account for a 3D stress tensor at each seed 

location. The regional stress can be set as both strike-slip and dip-

slip regime, with the possibility of orienting the stress in any direction. The 

initial three principal stress components of each seed are proportional to the 



lithostatic, depth-dependent pressure (plit), plus a perceptual random 

variation to mimic heterogeneities in the stress field. The seeds represent 

potential earthquake hypocenters (i.e. point element). For each seed we 

define a theoretical plane (i.e. representing the fracture or the fault), and 

such a plane has a given orientation defined by a strike (φ) and dip angle (θ).

While such planes are not explicitly simulated in the model, they are needed 

to compute stress conditions at the seed point.

After assigning initial conditions and at each time step, the pressure from 

TOUGH2 is interpolated at every seed location, and the diagonal terms of 

the effective stress tensor (σij´) of each seed are updated by the SEED model

according to

 (1 )

The current approach accounts for changes in effective stress due to 

pressure and/or transfer mechanisms (see below). However, no poroelastic 

deformation is computed.

The stress tensor is projected on the seed oriented plane, allowing 

computation of the shear τ and normal stress σn component. As described in 

detail by Zoback (2010), the principal stress tensor is projected first into 

geographical coordinates given the principal stress orientation; then, a 

further rotation is performed to compute the stress on the given plane with 

the slip orientation (rake, λ) given by the maximum shear stress.

At each time step the variations are computed at every seed location. 

Finally, following a Mohr-Coulomb criterion, seeds are reactivated if the shear

stress (τ) is greater than the shear strength ( τc), which is defined 

as τc=C+μσn. Friction coefficient (μ) and cohesion (C) are assigned a priori 

with possible random deviation around an average value. The reactivation of 

a seed point is then associated to a seismic event, whose magnitude is 

randomly picked from a power-law distribution with a b-value corresponding 

to the seed differential stress (Goertz-Allmann and Wiemer, 2012; Scholz, 

2015). Upon reactivation, the seed model also account for shear stress drop. 



The stress drop, according to Gischig et al. (2014), is proportional to the 

normal stress and given by:

 (2)

where Δτcoeff is an arbitrary coefficient and the shear stress is updated 

accordingly to τnew=τ-Δτ. If a stress transfer mechanism is activated (see 

below), the effective stress may change again, and the check for reactivation

is iterated for every seismic event.

Finally, the SEED model calculates permeability changes due to pressure 

variation and/or seismicity for each gridblock. Such permeability changes are

then fed back to TOUGH2 and are used to computes the fluid flow for the 

next time step. Such an explicit scheme has been proven to be successful for

coupled simulations (e.g., TOUGH-FLAC; Rutqvist, 2011).

2.2. Static stress transfer mechanisms

An earthquake strongly alters the state of stress in the region surrounding 

the rupture plane. Such stress variation may affect other possible faults or 

fractures, bringing them closer to reactivation. Catalli et al. (2016) recently 

showed the importance of considering the stress interaction in an injection-

induced seismic sequence, by retrospectively modeling the EGS stimulation 

at Basel. Their results demonstrate that the number of events is increased by

the static stress transferring in comparison to a case where only the pore 

pressure is accounted as triggering mechanism.

In order to address such interaction between earthquakes, we include two 

possible models for static stress changes. The first one is the so-called 

“Spring-Block” model, firstly introduced by Baisch et al. (2010) and here 

generalized for a 3D formulation (Fig. 2a). Briefly, when a given seed is 

reactivated, the shear stress increases for neighboring seeds located within 

a volume V. We define such a volume as function of the rupture area, which 

represents the region where major slip and shear stress drop have occurred 

during the earthquake. Following empirical relationships (e.g., Wells and 

Coppersmith, 1994), such rupture area is defined as:



 (3)

where Δτ is the calculated stress drop, and log10(M0)=3/2 Mw+9.1, 

with Mw the moment magnitude. The stress changes may propagate further 

away from this rupture area, hence we assume the shear stress transferred 

within a volume V=L2×W, where L=f1×Req and W=f2×Req, with f1 and f2 as 

input parameters. The amount of stress transferred within the volume is a 

fraction of the stress drop, with a larger stress being transferred along the 

slip direction (defined by the seed rake angle λ).

Fig. 2. (a) Upper figure: scheme for spring-block model as proposed by Baisch et al. (2010). Bottom: 

scheme of spring model as applied in this work. The stress drop associated to a given event is 

transferred according to above percentage to nearby seeds in a volume L2×W, as function of the 



rupture area with L=f1×Req and W=f2×Req, and f1 and f2 as input parameter. (b) Figure modified 

after King et al. (1994). The rupture on a given fault will produce variations in Coulomb stress. Such 

changes depends on the orientation of both source and receiver faults.

The second model considers static stress transfer as a classical Coulomb 

stress interaction, following the recent modeling effort by Catalli et al. 

(2016). The reactivated seed is modeled as a source of Coulomb stress 

(ΔCFSint), which is then transferred to neighbor seeds. Dimension of the 

source and slip magnitude follow empirical relationship (Wells and 

Coppersmith, 1994), and each seed fault is considered as a rectangular 

source (Okada, 1992). An increase in Coulomb stress brings the seeds 

subjected to such a change closer to reactivation. Compared to the spring-

block model, the Coulomb stress transfer also allows for the creation of 

stress shadow regions (i.e., negative stress changes), as described by King et

al. (1994) and shown here in Fig. 2b for different orientation of the regional 

stress.

2.3. Permeability changes

Several approaches have been proposed to address the relationship between

stress and hydromechanical properties. Rock permeability is often related to 

changes in fracture aperture, which is generally a function (exponential or 

inverse relationship) of the normal effective stress (Rutqvist, 2015). 

Permeability can also be related to fault reactivation through evaluation of 

plastic failure (e.g. Rinaldi et al., 2014a, Rinaldi et al., 2015a). Authors 

(e.g. Garg and Pritchett, 1984) have also shown that temperature effects on 

permeability can be important when injecting cold water into hot rock, 

especially for near-wellbore variations.

In TOUGH2-SEED, we account at this stage for two possible mechanisms for 

permeability changes: (i) pressure and/or (ii) slip on a given seed.

The first mechanism is a reversible pressure-dependent permeability 

relationship (updated after Rinaldi et al., 2014a):

 (4)



where C1and ς are two empirical coefficients that are set as input 

parameters. The permeability at the current state of pressure (κhm) is 

function of the current porosity (ϕhm), which directly depends upon the 

pressure changes (Δp). ϕ0 and ϕr are initial stress-free porosity and the 

residual porosity, respectively. κ0 is the initial permeability. This mechanism 

allows for a smooth permeability variation, hence accounting for pores and 

fractures to be elastically opened. At this stage, the porosity changes (ϕhm) 

are only computed to evaluate their effects on the permeability (κhm), but 

they are not fed back to TOUGH2, hence not contributing in mass or energy 

changes.

The second mechanism accounts for permeability variations due to the 

seismic events, and it is based on a slip-dependent equation (Gischig et al., 

2014):

 (5)

where C2 is a constant coefficient, d* represents the slip scale, G is the shear 

modulus, Δτ is the calculated stress drop, and log10(M0)=3/2 Mw+9.1, 

with Mw the moment magnitude. This mechanism represents a very localized 

permeability variation, close to the triggered seeds (e.g., fracture opening, or

slip on a fault zone), although in our model the permeability change is 

assigned to the gridblock containing the reactivated seed. It is worth of note 

that this permeability depends on the seismic moment, hence on the 

magnitude, which is randomly assigned.

3. Base case applications

In the following section we demonstrate the potential of TOUGH2-SEED by 

simulating some basic, synthetic cases of injection-induced seismicity. The 

simulations are aimed at showing the effect of the two permeability change 

mechanisms on spatial and temporal distribution of the seismic cloud, as well

as demonstrating the effects of stress interactions between the different 

seeds. We run 120 realizations for each base case setup, to account for the 

stochastic behavior of the proposed approach, and results are presented 

including one standard deviation error.



3.1. Model setup

The model domain for all the base case simulations is 4×4 km wide and 4 km

deep (from −2 to −6 km depth), with a total of 20,425 elements. The mesh is

finer in the central area of the domain, where we simulated a step-injection 

of cold water up to 10 days. The injection well is simulated as composed by a

closed section with high vertical permeability, and an open section, which is 

directly connected to the main computational meshgrid (Fig. 3a). The fluid 

injection occurs at a depth of 4300 m, with a rate increasing from 5 kg/s up 

to 50 kg/s (Fig. 3b). The shut-in occurs after 10 days of continuous injection. 

The choice of 10 days injection is in agreement with the length of a single 

stimulation step and it has similar duration as observed at several sites (e.g.,

6 days at Basel – Häring et al., 2008; 12 days at Soultz – Evans et al., 2005; 

15 days at Newberry – Cladouhos et al., 2015), although for some EGS the 

stimulation may occur over a longer period (e.g., 250 days at The Geysers 

– Jeanne et al., 2015). All the boundaries are open with fixed hydrostatic and 

geothermic conditions. The initial permeability is uniform over the entire 

domain corresponding to 10−16 m2, with 1% porosity. Initial hydraulic 

conditions include hydrostatic pore pressure and linear temperature 

gradient. Initial stresses on the seeds are assigned following a strike slip 

regime, with average proportion to the lithostatic stress 

(σH =1.3σV, σh =0.7σV) and with 10% random variation around the mean 

value. The maximum horizontal stress is oriented along the x-axis (or EW-

direction), with the z-axis representing the vertical direction.

Fig. 3. (a) Approach for modeling injection well, simulated as composed by a closed and an open 

section, which is the only portion of the well connected to the main TOUGH2 mesh. Yellow arrows 

indicate the possible flow direction. (b) Injection rate for the base case simulations.  



We spatially distribute 35,000 seeds, with the majority of the seeds (25,000) 

uniformly distributed in a region 2×2×2 km around the injection well. This 

assumption does not necessarily represent a real case, in which we could 

assume different densities of seeds in different zones of the domain, 

according to the observed seismicity of the area. We enable such a feature in

the code by accounting for the possibility of distributing the seeds on a 

preferential region as shown in one example case below. We assign an 

average value of 0.6 for the frictional coefficient, with a possible random 

variation of 0.05. All the seeds are assumed to be optimally oriented with 

fixed strike angle of 60° and dipping 90°. Although the code is constructed to

account for variation in seeds orientation (i.e., strike and dip), for simplicity, 

we assume a fixed orientation of the seeds for most of the base cases, 

unless specified in the text. Table 1 reports all the constant parameters used

in the simulations.

Table 1. List of constant parameters used in the base case simulations.

Thermal expansion (β) 3·10−5 °C−1

Shear modulus (G) 10 GPa

Poisson ratio (ν) 0.25

Rock density (ρ) 2500 kg/m3

Initial porosity (ϕ0) 1%

Residual porosity (ϕr) 0.5%

Initial permeability (κ0) 10–16 m2

Porosity-equation constant 
– C1

15

Pressure-equation exponent 
– α

10−8 Pa−1

Slip-equation constant – C2 2

Critical slip (d*) 2·10−3 m

Cohesion (C) 2 MPa

Stress drop coeff. (Δτcoeff) 0.05

Min-Max magnitude 0.9–9

Min-max differential stress



 for b-value 0–136 MPa

 f1 for Spring-Block 3

 f2 for Spring-Block 0.25

3.2. Comparison of permeability changes

The first set of simulations aims at showing the response of the system in 

terms of seismicity when accounting for an irreversible variation in 

permeability. While the first simulation (referred as Simulation 1) only 

accounts for reversible pressure-dependent permeability changes (Eq. (4)), 

the second case (Simulation 2) accounts for slip-dependent permeability in 

addition to the reversible variation (Eq. (5)). In both cases, we do not account

for the stress transfer at this stage.

Fig. 4 shows the temporal response for the wellhead pressure and for the 

rate of seismicity for both cases. In the case of reversible permeability 

changes (Simulation 1), we obtain a rate of events up to 60 events per 12 h, 

with a stochastic variation of up to 10 events/12 h (Fig. 4a). In terms of 

wellhead pressure, we obtain up to a variation of 40 MPa when injecting at 

50 kg/s (Fig. 4a, blue line). In this case, the seed model does not interact 

with TOUGH2, hence no stochastic variation is observed in the pressure 

evolution. In Simulation 2, which accounts for irreversible changes in 

permeability as related to the seismic events, the evolution of the pressure is

quite different. We observe a lower pressure increase (up to 25 MPa as 

average variation) and a quite strong stochastic variation, with up to 10 MPa 

for 1 standard deviation for the 120 realizations (Fig. 4b, blue line and area). 

The evolution of seismicity is similar to the first case and with a similar 

stochastic variation, although with a lower rate given the average low 

pressure (up to 50 events per 12 h – Fig. 4b, red line and area). Generally, 

accounting for slip-dependent permeability means that the permeability 

presents a larger and faster variation when a large number of events occur. 

Such variation may result in spiked-like pressure changes, although not 

visible when averaging over 120 realizations.



Fig. 4. (a) Simulation 1: Bottomhole pressure (blue line) and average simulated number of events for 

every 12 h with standard deviation (red line and area, respectively) for the case of permeability only 

depending on pressure. (b) Simulation 2: Average bottomhole pressure (blue line) and simulated 

number of events for every 12 h (red line) for the case of permeability depending on both pressure and

event slip. Both variables here are presented with 1 standard deviation area (blue and red area for 

pressure and number of events, respectively). The average and standard deviation are calculated over

120 realizations.  

Fig. 5 shows the horizontal distribution of pressure and seismicity at 7 and 

10 days of stimulation for a single realization for both Simulation 1 and 

Simulation 2 at depth of injection. The pressure variation in Simulation 1 

reaches a maximum around injection zone of about 25 MPa (Figs. 5a and b), 

while in Simulation 2 the pore pressure variations are lower given larger 

permeability changes: around 10 MPa at 7 days, and not exceeding 15 MPa 

after 10 days of stimulation (Figs. 5c and d). In terms of seismicity, the 

events are generally confined within the region of pore pressure changes. 

For both cases, events occur in a box of 1 km2 around the injection point at 7

days (Figs. 5a and c), and the seismic cloud only extends a few hundreds 

meters more after 10 days of stimulation (Figs. 5b and d). A larger number of

events occur for Simulation 1 nearby the injection well, caused by 

retriggering of previously reactivated faults given the larger pressure 

(~25 MPa). Such larger number of events nearby the injection well explains 

the higher rate of seismicity (Fig. 4a) with respect to Simulation 2, although 

the extent of the seismic cloud is similar for the two cases.



Fig. 5. Pressure distribution (contour) and events location (white dots) at 7 (a) and 10 (b) days for the 

case of permeability only depending on pressure (Simulation 1), at 7 (c) and 10 (d) days for the case of

permeability depending on both pressure and slip (Simulation 2). The results are for a single 

realization.

Fig. 6 shows the horizontal and vertical sections of permeability in the two 

simulations at the end of the injection period for a single realization. 

Simulation 1 shows permeability changes up to an increase of one order of 

magnitude (up to 10–15 m2) nearby the injection zone (Figs. 6a and b). Given 

Eq. (4), the permeability evolution strictly follows the pore pressure 

distribution. In Simulation 2, the effects of the two mechanisms of 

permeability enhancement are overlapped (Figs. 6b and d). Indeed, given 

Eq. (5), a triggered seed produces a localized permeability increase, whose 

magnitude depends on the stress drop and seismic moment, which is 

randomly assigned for each event. In Simulation 2, this relation between 

permeability and slip leads to scattered permeability changes up to 



10−14 m2 (i.e., a two orders-of-magnitude increase). Worth of note is that the 

chosen permeability dependency may lead to a different shape 

of overpressure in the domain: while in Simulation 1 the injection-induced 

overpressure evolves along an almost spherical front, in Simulation 2 the 

evolution is slightly anisotropic, especially along the vertical direction for the 

considered realization (Fig. 6d).

Fig. 6. Permeability (logarithm, contour) and events location (white dots) after 10 days for XY (a) 

and XZ(b) planes for the case of permeability only depending on pressure (Simulation 1), after 10 days

for XY (c) and XZ (d) planes for the case of permeability depending on both pressure and slip 

(Simulation 2). The results are for a single realization.

3.3. Stress transfer

Recent works highlight the importance of considering earthquake interaction 

during an injection-induced sequence (Catalli et al., 2013, Catalli et al., 

2016). The static stress transfer may increase the observed number of 



events, particularly when the seismicity is occurring over a preferential 

structure (Schoenball et al., 2012, Catalli et al., 2016).

As a further base case applications of TOUGH2-SEED, we performed two 

more simulation cases aimed at showing the effect of static stress transfer 

on a seismic sequence caused by fluid injection. We simulate two additional 

setups by using the Coulomb and the Spring-Block models, respectively. In 

both cases permeability can change irreversibly as function of both pressure 

and slip.

Fig. 7a shows the comparison between the two static stress transfer models 

and the base case of no earthquake interaction, as averaged over 120 

realizations. We observed that a larger cumulative number of events is 

triggered at the end of simulation when considering the stress transferring 

compared to the case of no interaction. The number of events increases by 

about 12% and 29% for the Coulomb and Spring-Block model, respectively, 

compared to the case of no interaction. The difference between the three 

models further increases if the seeds are mainly distributed along some 

preferential direction. Assuming a large density of seeds in a box 100 m 

wide, oriented with strike 60° and dip 90°, the number of events increases 

compared to the case of no interaction by about 28% and 70% for Coulomb 

and Spring-Block model, respectively, although the latter with about 20% 

standard variation (Fig. 7b). Worth noting that the Spring-Block does not 

consider for stress shadow and strongly increases the seismicity for seeds 

aligned on a plane, depending on the factors for defining the volume of 

interaction (L2×W, with L=f1×Req and W=f2×Req).



Fig. 7. (a) Cumulative number of events average over 120 realization for the cases of no stress transfer

(blue), Coulomb model (red), and Spring-Block model (green), for a uniform random distribution of 

seeds. (b) Cumulative number of events average over 120 realization for the cases of no stress 

transfer (blue), Coulomb model (red), and Spring-Block model (green), for a distribution of seed on a 

preferential region (e.g. a fault zone). Such a region for these realizations is 2×2×0.1 km3 with 60° 

strike orientation. The shaded areas in panel (a) and (b) represent the standard deviation for the 

respective model. (c-d) Example distribution of seismicity at depth of injection for a single realization 

accounting for Coulomb stress transfer for the cases of uniform and preferential distribution, 

respectively. The red dots represent the events primarily triggered by stress transfer. 

As already highlighted by Catalli et al. (2016), the stress transfer is more 

effective in the stimulated region. Our results further justify the previous 

findings, as shown in Fig. 7c for a single realization considering Coulomb 

stress interaction. Red dots in both figures represent the events primarily 



triggered by stress transfer, although both pressure and stress transfer act in

synergy to bring the seed to failure and it is not trivial to separate the two 

contributions. Fig. 7d shows an example of triggered seeds for a single 

realization with preferential distribution. Most of the seeds are triggered 

along the preferential plane, although some events still occur off-plane.

4. Real case application

4.1. The basel enhanced geothermal system

The case of Basel (Switzerland) is widely studied because of the large 

number of data and measurements obtained during and after a partial 

stimulation of an Enhanced Geothermal System (EGS). The “Basel case” is 

very useful to study the relationship between deep fluids injection and 

induced seismicity, and it can be suitably used as a benchmark to test the 

potential of TOUGH2-SEED.

At Basel EGS, the stimulation started on December 2nd, 2006 and lasted for 

6 days until the ML=2.6 earthquake that happened on December 8th (Häring 

et al., 2008). Theoretically the injection phase was planned to last 21 days, 

but due to the high seismicity rate, the injection was initially reduced and 

finally stopped, only to start bleeding-off the well after the occurrence of a 

ML=3.4 (Fig. 8a).

Fig. 8. (a) Injection rate during the stimulation of the Basel EGS. (b) Wellhead pressure (red) and rate 

of events per 12 h (histogram). Catalog from Bachmann et al. (2011), with a magnitude of 

completeness Mc=0.85.  



During the stimulation about 11,000 m3 of water were injected and more 

than 10,000 earthquakes were induced around the injection well at about 

−4.5 km depth (Häring et al., 2008, Catalli et al., 2013). The injection rate 

was increased in steps up to a maximum of 63 l/s, with 

the wellhead pressure evolution generally following the injection rate trend 

reaching its maximum (29.6 MPa) at the end of the stimulation (Fig. 8b). The 

two spikes of the wellhead pressure are related to mechanical repairs of the 

well. The seismicity blandly followed the injection rate evolution (Fig. 8b): the

number of events increased progressively during the injection phase and 

rapidly decreased after shut-in, although three other events of magnitude 

greater than ML=3 occurred within the following 2 months (Bachmann et al., 

2011). The seismicity is mainly distributed in a nearly vertical plane centered

at −4.5 km of depth with an azimuth of 155°. Such orientation is in 

accordance with the regional stress field, which characterized by strike-slip 

regime with the maximum horizontal stress orientated along NW direction 

(Häring et al., 2008 and references therein). The maximum horizontal stress 

was estimated at a value between 160 and 255 MPa, while minimum 

principal stress and vertical stress were estimated at 84 MPa and 122 MPa, 

respectively (Häring et al., 2008). Measurements of the principal stress 

components orientation were performed by Valley and Evans (2009), which 

found a mean orientation of maximum horizontal stress of 144±14° and a 

minimum horizontal stress of 54±14°.

4.2. Modeling setup

The modeling domain and initial hydraulic conditions are the same as 

employed for the base case simulations. The material is homogeneous over 

the entire domain with an initial permeability of 1·10–17 m2 and a porosity of 

0.5% (Häring et al., 2008). The injection rate evolution is same as in the 

Basel stimulation (Fig. 8a). 5000 seeds are distributed over the vertical 

domain, with a larger density in a vertical square box 3×3 km2, with a width 

of 100 m. Such a box is oriented with the same strike as the seismicity cloud 

observed at Basel (155°). A further 1600 seeds are randomly distributed over

the entire domain. This distribution takes into account the anisotropy of the 

geological setting due to presence of natural fractures mainly oriented NW-

SE and NNW-SSE (Häring et al., 2008). Such natural fractures can foster the 

propagation of the seismic activity along a preferential direction. Each seed 



represents a fault with strike oriented along the high-density seed 

distribution direction and a dip=90°, with a normal variation of 15° around 

the average value (Catalli et al., 2016). A complete list of model parameters 

is listed in Table 2. Such parameters reflect a good choice for fitting the data,

although no residual analysis was performed at this time. We performed 120 

realizations to account for stochastic variation of seeds coordinates, stresses 

magnitude and orientation, and frictional coefficient.
Table 2. List of constant parameters used in the Basel EGS case.

Thermal 
expansion (β)

3·10−5 °C−1

Shear modulus 
(G)

5 GPa

Poisson ratio (ν) 0.25

Rock density (ρ) 2500 kg/m3

Initial porosity 
(ϕ0)

0.5%

Residual 
porosity (ϕr)

0.1%

Initial 
permeability 
(κ0)

10−17 m2

Porosity-
equation 
constant – C1

15

Pressure-
equation 
exponent – α

10−8 Pa−1

Slip-equation 
constant – C2

1.42

Critical slip (d*) 2·10−3 m

Cohesion (C) 3 MPa

Stress drop 
coeff. (Δτcoeff)

0.06

Min-Max 
magnitude

0.85–9

Min-max 



differential 
stress

for b-value 0–136 MPa

σH (at 5 km 
depth)

196 MPa±2% (160–255 MPa inHäring et
al., 2008) orientation: 144±14° (Valley 
and Evans, 2009)

σV (at 5 km 
depth)

123 MPa±2% (~122 MPa inHäring et 
al., 2008) orientation: vertical

σh (at 5 km 
depth)

75 MPa±2% (~84 MPa inHäring et al., 
2008) orientation: 54±14° (Valley and 
Evans, 2009)

4.3. Modeling results

Fig. 9a shows the comparison between the simulated and the measured 

wellhead pressure evolutions. The set of simulations allows representing with

good approximation the pressure evolution during the entire injection phase,

within one standard deviation for the 120 realizations. The largest 

differences are observed after the shut-in phase (6 days) where the 

simulated pressure recovery is faster than the real evolution. This effect 

could be related to the wellbore model: after the shut-in and the bleed-off, 

the well remained open and produced a total back flow of about 3400 m3 of 

water (Häring et al., 2008) that we are not simulating. Another possible 

cause for the mismatch is the lack of detailed near-wellbore permeability 

changes, which could be related to cooling due to cold-water injection as well

as to mechanical stress changes occurring within the wellbore itself.



Fig. 9. (a) Comparison between the measured (red, dashed line) and the simulated 

(blue) wellheadpressure. The shaded blue area represents the standard deviation over 120 

realizations. (b) Comparison between observed (blue, dashed line) and simulated rate 

of seismicity (red line). The shaded red area is the standard deviation over 120 realizations. Figure also

includes the measured well pressure (green line) for reference. (c-d) Magnitude of events over time for

Basel catalog (Bachmann et al., 2011 – with Mc=0.85) and one single realization results, respectively.  

The model reproduces the total number and temporal distribution of seismic 

events (Fig. 9b). Simulation results (red line, with area representing one 

standard deviation) follow the overall increase during the whole injection 

phase, reaching a maximum number of 300 events per 12 h (around day 6) 

right after the reduction of flow. After the shut-in the number of events 

rapidly drops following the pressure curve. However, at the end of the 

simulations (15 days) few events are still triggered. In the post shut-in phase 

the pore pressure is lower and the static stress transfer can play a greater 

role in triggering induced seismicity after several days (Catalli et al., 

2016). Figs. 9c and d plot the magnitude over time for the real and for one 

single model realization, respectively. The event magnitude occurrence over 

time is quite well represented by the model. The events with large 



magnitude (M>2) are in both cases taking place between day 3 and 7, with 

the largest one after shut-in.

5. Conclusion

In this paper we presented some features of the code TOUGH2-SEED. Such a 

simulator couples the capabilities of TOUGH2 as fluid flow simulator to a 

geomechanical-stochastic code for the study of injection-

induced seismicity during deep underground exploitation.

We presented some base case applications of the code. Simulation 1 and 

Simulation 2 showed the effects of two different permeability enhancement 

processes, over a statistically relevant number of realizations. Assuming a 

reversible pressure-dependent permeability we obtained a regular and well-

defined seismicity zone around the injection well. Considering irreversible 

slip dependent permeability changes, we obtained a more scattered 

permeability evolution that can consequently influence the pore 

pressure evolutions and then the whole seismicity.

TOUGH2-SEED also accounts for stress transfer effects. The most trivial 

consequence of the stress transfer is that it brings the seed closer to failure, 

and it may lead to cascade events: the stress transfer not only influences the

number of events, but also their spatial and temporal distribution. Results of 

base case applications further confirmed recent findings, and show that the 

stress interaction may largely increase the number of seismic events if 

feature clustering seismicity are presented in the field (e.g. fault zone).

Finally, we applied the code to model the well-studied case of Basel 

Enhanced Geothermal System. The application shows that a complex model, 

accounting for fluid flow, mechanical effects, and evolving hydraulic 

parameters, is better suited to properly reproduce most of the characteristic 

behavior. For the Basel case, TOUGH2-SEED represents a correct 

initial stress field, while satisfactorily reproducing the temporal events 

distribution and their magnitude.



We demonstrated that the TOUGH2-SEED model can simulate, up to a 

certain extent, the complex interaction of fluid flow and seismicity. 

Compared to previous models, we account for a more sophisticated fluid flow

simulator, such as TOUGH2. Moreover, our improvements to the 

geomechanical-stochastic seed model allow capturing some effects that are 

impossible to represent on a simpler 2D model.

Although several effects are not considered (e.g., poroelasticity, fracture 

creation/propagation), the TOUGH2-SEED model constitutes a further step to 

the representation of physics-based processes in a statistical model. The 

mechanical coupling can influence the seismicity at very different spatial and

temporal scales, leaving open the way for the creation of more complex and 

realistic models.
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