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S U M M A R Y
Fluid injection in and withdrawal from wells are basic procedures in mining activities and
deep resources exploitation, such as oil and gas extraction, permeability enhancement for
geothermal exploitation and waste fluid disposal. All of these activities have the potential
to induce seismicity, as exemplified by the 2006 Basel earthquake (ML 3.4). Despite several
decades of experience, the mechanisms of induced seismicity are not known in detail, which
prevents effective risk assessment and/or mitigation. In this study, we provide an interpretation
of induced seismicity based on computation of Coulomb stress changes that result from fluid
injection/withdrawal at depth, mainly focused on the interpretation of induced seismicity
due to stimulation of a geothermal reservoir. Seismicity is, theoretically, more likely where
Coulomb stress changes are larger. For modeling purposes, we simulate the thermodynamic
evolution of a system after fluid injection/withdrawal. The associated changes in pressure and
temperature are subsequently considered as sources of incremental stress changes, which are
then converted to Coulomb stress changes on favourably oriented faults, taking into account
the background regional stress. Numerical results are applied to the water injection that was
performed to create the fractured reservoir at the enhanced-geothermal-system site, Soultz-
sous-Forets (France). Our approach describes well the observed seismicity, and provides an
explanation for the different behaviors of a system when fluids are injected or withdrawn.
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I N T RO D U C T I O N

Geothermal resources represent a sustainable and potentially com-
petitive alternative to fossil fuels. Enhanced geothermal system
(EGS) technologies, in particular, provide a powerful way to pro-
duce geothermal electric energy in almost every area of the world.
EGSs exploit hot rock systems with low water content, with the eco-
nomic feasibility depending on the drilling costs needed to reach
a suitable temperature. Despite its great potential, EGS exploita-
tion is still perceived as environmentally threatening, because of
the problems posed by unwanted induced seismicity above a certain
magnitude threshold (MIT Report 2006). Such events can more fre-
quently occur due to hydraulic stimulation that is aimed at creating
a permeable reservoir in EGS systems. Such a negative percep-
tion of EGSs is mainly due to the Basel earthquake of magnitude
ML 3.4 that occurred in 2006 December. Although this event did
not produce serious damage, it was strongly felt by the population
because the geothermal site was located in the center of the city
(Haring et al. 2008; Ripperger et al. 2009). Less known but equally
interesting cases have also been described in the literature over the
last few decades (see Majer et al. 2007, and references therein).
Hence, interpreting the mechanisms of induced seismicity and

understanding ways of mitigation is important to allow the promo-
tion of geothermal EGS exploitation worldwide (Giardini 2009).

The hot-dry-rock site of Soultz-sous-forets is one of the best
examples of the experience of EGSs. The permeability enhancement
of this reservoir was obtained through the drilling and subsequent
stimulation of four wells that reached depths of up to 5 km (Portier &
Vuataz 2009). A complex sequence of fluid injection was performed
over several years, to enlarge the fracture system of the basement
rock, composed mainly of granite, and to enhance its permeability.
The stimulation of this multi-well structure allowed the creation of
natural heat exchangers and the generation of stable commercial
electricity.

The development of the Soultz power plant and its several re-
lated scientific projects have been fully described in the literature.
The geophysical prospecting consisted of a series of passive seis-
mic tomography investigations (Charléty et al. 2006; Cuenot et al.
2008; Dorbath et al. 2009), as well as electromagnetic imaging
(Geiermann & Schill 2010). Also, geochemical data were collected
(Sanjuan et al. 2010), the rock permeability and the fracture sys-
tem were described (Genter et al. 1997; Evans et al. 2005a,b), and
the regional stress field was estimated (Cuenot et al. 2006). Fur-
thermore, the whole drilling process was accurately described for

504 C© The Authors 2013. Published by Oxford University Press on behalf of The Royal Astronomical Society.

 at IN
G

V
 on A

ugust 25, 2014
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/


Coulomb stress model for induced seismicity 505

each well through a series of technical reports (Baria et al. 2004).
These reports thus provide highly detailed records of the different
phases of the artificial stimulation that was carried out to create the
permeable reservoir, including the flow rates, the head pressures
of the boreholes, the temperature profiles and the distribution and
magnitude of induced seismic events.

We use this large amount of information as a basis for testing a
new interpretation for induced seismicity based on Coulomb stress
changes induced by deep fluid injection during well stimulation. In
our scheme, the pressure and temperature changes resulting from the
water injection/withdrawal at the bottom of the hole are computed as
a function of time and injection history. These reconstructed changes
in pressure and temperature are subsequently considered as me-
chanical sources that are heterogeneously distributed in the whole
volume and that generate changes of stress and strain in the host
rock that is regarded as a homogeneous, purely elastic medium. The
distribution of all of these mechanical quantities is reconstructed
across the analysed structure. In particular, the incremental changes
in the stress tensor due to fluid injection (or withdrawal) are calcu-
lated and successively summed with background regional tectonic
loading, which is assumed to be purely deviatoric and is modeled as
stated in Portier & Vuataz (2009). From the stress tensor calculated
at each elementary cell of the volume, we finally compute the max-
imum Coulomb stress changes (Stein et al. 1992), which have been
identified as the key parameter that influences induced seismicity.
This computation follows the well-known Coulomb criterion stating
that seismicity is more likely to happen where the Coulomb stress
is greater. In this way, we develop a numerical procedure that we
propose as a way to estimate how the potential for seismic failure
in different volumes of a geothermal reservoir changes due to the
well stimulation. The methodology here developed is first applied
to understand the differences between fluid injection and fluid with-
drawal, and then it is applied to reproduce the observations collected
during and after stimulation at the Soultz EGS site.

N U M E R I C A L M E T H O D

Our procedure follows a two-step scheme that combines the use
of the TOUGH2 numerical code (Pruess 1991; Pruess et al. 1999)
and the COMSOL Multiphysics commercial code (Comsol 2011).
As a first step, the TOUGH2 thermofluid-dynamic code is used to
compute the effects of massive fluid injection (or withdrawal) in
terms of fluid pressure and fluid and rocks temperature changes.
These effects originate from the mass and heat exchange that is in-
duced by the multidimensional flow of multiphase (gas and liquid)
mixtures within a porous medium of a given permeability. Local
equilibrium is assumed between the fluid and rock matrix, that is
the fluid and rock matrix are in thermal equilibrium in each of the
elementary cells of the mesh grid. Both the mass and energy balance
equations are expressed in their integral forms and discretized in
a scheme known as the integral finite difference method (Edwards
1972). Solving these equations completely describes the full ther-
modynamic state of the system.

All of the geometric information for the flow problem is pro-
vided through the specification of the cell volumes, interface areas,
nodal distances, and components of the gravity acceleration in the
direction of the line connecting the nodal points. Fluid advection is
described by the Darcy law (Darcy 1856):

F = −K
ρ

μ
(∇ P − ρg) , (1)

where F is the fluid mass flow rate per unit cross-sectional area,
K is the absolute permeability, μ is the viscosity, ρ is the den-
sity, ∇P is the pressure gradient, and g is the gravity accelera-
tion. The coexistence of liquid and gas phases in the pore space
of the medium is taken into account by applying a multiphase
version of the Darcy law. Each of the two phases flows due to
its own pressure gradient and body force. The effective perme-
ability of the medium is then reduced with respect to single-
phase conditions, because each of the flowing phases has only
part of the pore space available. This effect is taken into ac-
count by introducing the so-called ‘permeability reduction factors’,
or ‘relative permeabilities’ for liquid or gaseous phases, as follows:

Fβ = −K
krβρβ

μβ

(∇ Pβ − ρβ g
)
, (2)

where the subscript β indicates liquid or gas phase. The coefficients
krβ represent the reduction in the available permeability as only a
fraction of the pore space is occupied by phase β.

The heat flux FH includes conductive and convective components,
as:

FH = −λ∇T +
∑

β

hβFβ, (3)

where λ is the thermal conductivity, ∇T is the temperature gradient,
hβ is the specific enthalpy in phase β and Fβ is the mass flow rate
per unit of cross sectional area of phase β. The nature and properties
of the specific mixture of fluids enter the equations only through the
appropriate physical parameters (e.g. density, viscosity, enthalpy),
which are computed as functions of the primary thermodynamic
variables through the specific TOUGH2 modules.

Although neither injected nor hydrothermal fluids are pure sub-
stances, but are generally mixtures of several components, the dom-
inant fluid component is usually water, and for practical reservoir
studies it is often reasonable to ignore the other components. Follow-
ing this assumption, the simulations conducted in this study include
the presence within the rock matrix of pure water in liquid or va-
por phases, or under two-phase conditions. The water properties
and phase transitions are calculated based on the thermodynamic
conditions, according to the steam table equation (International For-
mulation Committee 1967).

As a second step, the pressure and temperature changes that orig-
inate from the flow of water that were once estimated as a function
of time in the previous phase, are considered as source terms of
deformation of the elastic matrix. For the related computation, a fi-
nite element approach is adopted using the COMSOL Multiphysics
commercial code. The physical domain is subdivided into a dense
mesh of volume elements, and at each element we consider that
the displacement originates from the composition of the individual
sources of the kind:

�P + 2G(1 + ν)α

3(1 − 2ν)
�T (4)

where G, ν and α are the shear modulus, Poisson’s ratio (drained)
and volumetric thermal expansion coefficient, respectively, of the
saturated porous medium. The gravity term does not appear in
the deformation equations because the deformation and stress are
referenced to an initial state that is in static equilibrium. As the
deformed state is also in static equilibrium, the gravity term drops
out when the equation is formulated in terms of the change from the
initial static state. Finally, we assume that the change in stress has
no effects on permeability, porosity, or fluid flow. Such a one-way
coupling approach (i.e. from thermodynamics to deformation, but
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not vice versa) is normally adopted in these simulations (Hurwitz
et al. 2007; Troiano et al. 2011), and it differs from a complete and
much more cumbersome thermal-poro-elastic approach, in which
the volume deformation affects, in turn, the porosity and hence the
permeability of the system.

All of the mechanical changes across the structure under analysis
can be deduced starting from the computed displacement vector.
In particular, the incremental changes in the stress tensor due to
fluid injection (or withdrawal) can be obtained and summed with
a background regional tectonic loading. This background loading
is assumed to be purely deviatoric, which is consistent with the
experimental observations in the Soultz-sous-Forets area that were
obtained using the hydrofracture-stress-measurement method (Klee
& Rummel 1993). The stress magnitude at Soultz can be finally
described as an assigned function of depth. From the knowledge
of the stress tensor at each mesh element, we finally obtain the
maximum Coulomb stress changes (Stein et al. 1992) defined as:

�σ f = �τs + μ (�σn − P) , (5)

where τ s is the shear stress, which is positive if it acts in the same
sense of the total stress, σ n is the normal stress, which is positive
for tension, μ is the friction coefficient and P is the pore pressure
(Jaeger & Cook 1979). The Coulomb stress change is computed in
two steps that follow the method described by Troise et al. (1998).
The first step computes the fault mechanism (described by the fault

plane orientation plus the slip direction) on which the sum of the
background regional stress and the incremental stress due to fluid
injection is maximum. The Coulomb stress change due just to fluid
injection/withdrawal is finally computed on this plane of maximum
cumulative Coulomb stress.

P H Y S I C A L M O D E L I N G

The computational model assumed here consists of a prism with
5 km × 5 km base and a 10 km height, as shown in Fig. 1. The com-
putational mesh consists of a three-dimensional grid, the horizontal
spacing of which ranges from some meters (in the central part) up
to 1 km (at the outer edge), while its vertical spacing varies from
some meters in the higher layer, up to 100 m in the lower slices.

The height of the cylinder, 10 km, is a lot larger than the max-
imum depth of the recorded seismic events during the simulated
injection phases, as reported by Baria et al. (2004). Numerical tests
were performed to check the stability of the solutions obtained by
varying the prism dimensions, to verify the absence of significant
boundary effects. We defined the dimensions of the prism through
looking for a good compromise between maximum stability and
minimum computational effort. Our tests show that the results are
very stable with respect to further mesh enlargement, and are prac-
tically indistinguishable from an infinite mesh.

Figure 1. Sketch of the simulation volume. (a) Positions of the GPK1, GPK2 and GPK3 wells projected on the Earth surface. (b) The whole volume analysed.
Blue plane, Earth surface; red plane, injection plane. (c) Positions of the GPK1, GPK2 and GPK3 wells projected on the injection plane. The pressure and
temperature initial conditions on the plane are also indicated. (d) Initial pressure (blue) and temperature (red) conditions as a function of depth.
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We assume that the water table coincides with the ground surface
(see Fig. 1b) and that the topography is flat. The three wells, GPK1,
GPK2 and GPK3, are aligned, as shown by the triangles in Fig. 1(a).
The flow systems are initialized by assigning the initial conditions
of a complete set of primary thermodynamic variables to all of the
grid blocks in which the flow domain is discretized. The pressure
distribution (Fig. 1c, blue line) is initially assumed to be basically
hydrostatic, and to linearly increase with depth down to the bottom
of the model, water being considered as a compressible fluid. The
temperature distribution is also shown (Fig. 1c, red line).

At the top boundary, the temperature and pressure are set as
constant, to represent the water-table condition, with the pressure
starting from atmospheric pressure and the temperature starting
from 10 ◦C at the model surface. At the bottom of the model, only
the temperature is held fixed, while pressure changes are enabled to
simulate the effects of large fluid injections in the lower parts of the
system. The fluid sources are simulated at 5 km depth. Pure water
is injected at an ambient temperature of 25 ◦C and with an injection
rate that is comparable to that used in the field injection experiments.
Apart from these fluid injections, the cylinder is isolated from the
outside and is impervious at its external edges and along its base.

The values of the parameters that characterize the physical prop-
erties of the rock (e.g. density, porosity, specific heat, thermal con-
ductivity) were chosen based on the scientific literature and on the

Table 1. Physical properties of the rock of the wells
for the Soult-sous-Forets area.

Parameter Value

Density (kg m3) 2600
Permeability (m2) 1.8 × 10-16

Thermal conductivity (W m−1 K−1) 2.1
Specific heat (J kg −1 K −1) 790
Porosity 0.2

borehole data for the Soult-sous-Forets area (Table 1). Simulations
for Soultz are obtained considering both isotropic and anisotropic
permeability, as described in the next paragraphs.

To evaluate the effects of fluid injection on induced seismicity,
a suitable steady-state must be specified as the initial condition of
the system. For this, a first run of TOUGH2 was performed starting
from the assumed initial conditions, which included hydrostatic
equilibrium. The output of this run simulates a realistic, unperturbed
steady-state for the system that is used as initial state. Starting
from such a steady-state, we performed a further TOUGH2 run that
was characterized by given fluid injection rates, which allowed the
simulation of the inflation or deflation of the model in response to
the deep stimulation.

N U M E R I C A L R E S U LT S

Injection in and withdrawal from a homogeneous medium

At the first stage, we applied our method to simulate both the injec-
tion and withdrawal in a homogeneous medium. In these two cases,
the simulation was for continuous injection/ withdrawal of water for
15 days at a rate of 50 kg s-1, in a rock volume with a permeability
K = 10−16 m2. The resulting temperature and pressure are quite sim-
ilar (apart from the sign of the pressure changes) after injection and
withdrawal (Fig. 2). In contrast, the patterns of the Coulomb stress
changes show marked differences. The main discriminating factor
is that the normal stress component in the Coulomb stress equation
decreases for withdrawal and thus stabilizes the fractures. The only
positive effects occur where additional shear stress is generated.
Injection, on the contrary, increases the normal stress component in
the volume, thus strongly destabilizing the fractures. This difference
between the Coulomb stress changes related to the water injection
or withdrawal appears to be the main reason why high-pressure
water injection at EGS sites poses a much higher seismic hazard,

Figure 2. Effects of 15 days of continuous injection (upper) and withdrawal (lower), of 50 kg s-1 water at 5 km in depth, in a homogeneous medium with
permeability of 10−16 m2. (a) Temperature changes. (b–d) Pressure changes and maximum Coulomb stress changes sliced on the xz plane (c) and the yz
plane (d).
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with respect to simple geothermal exploitation of hydrothermal sys-
tems, or in an equivalent manner, to oil/gas withdrawal.

A numerical model to simulate the Soultz-sous-Forets
real case

As a further step, we applied our method to simulate a real case
of high-pressure water injection, relating to the joint stimulation of
the GPK2 and GPK3 deep wells of Soultz, as performed in 2003
and described by Baria et al. (2004). As reported in the literature
(Baisch et al. 2010), a series of questions on the occurrence of in-
duced seismicity arose specifically from this experiment. Around
90 000 microseismic events were recorded, 9000 of which were
automatically located in real time during the stimulation. The seis-
micity was evenly distributed between the wells, and it started at
around 4700 m depth in GPK3 and migrated approximately N–S.
The largest events spread throughout the seismic cloud. The suc-
cessful extension of the reservoir beyond the previously stimulated
region around GPK2 created a total reservoir volume in excess of
3 km3. This volume is the largest ever stimulated in the develop-
ment of EGS technology, in conjunction with the largest separation
between the injection and production wells (over 650 m). However,
when both wells were shut-off, the microseismicity continued in-
stead of decaying rapidly, and two relatively large events occurred
(ML 2.9, 2.7). As these events were felt at the surface, measures to

Figure 3. Simplified stimulation functions for the GPK2 and GPK3 Soultz-
sous-Forêts wells, representing the rates of injected water. (a–f) Times of
the stimulation cycle shown.

reduce the likelihood of such events were required, and the GPK2
well was vented at around 10 kg s-1 to reduce the pressure after the
well was shut off. The largest seismic events were generated on the
periphery of the reservoir, with most of these concentrated at its top.
Moreover, in contrast to this seismic activity that occurred at the
outer rim of the zone of the previous seismicity, the neighborhood
of the injection well remained seismically quiet in the post-injection
period. Seismic activity continued, but with a gradual decline over
2 months at least after the venting test (Baisch et al. 2010).

To reproduce this real case, we used a simplified, but realistic,
injection function, as shown in Fig. 3, where the entire water in-
jection cycle is simulated in both the GPK3 (blue line) and GPK2
(red line) wells. Starting from day 0, cold water is injected into the
GPK3 well while GPK2 is shut off. On day 5, GPK2 is switched
on and injection is performed in both of the wells. Successively, on
day 8, GPK2 is shut off again and water is injected just into the
GPK3 well, until day 12, when this is also shut off. The simulation
is continued until the 16th day, which in the real case corresponds
to the largest induced event of M 2.9.

The use of the permeability values deserves some examination.
In a first attempt, we used a homogeneous and isotropic permeabil-
ity of 2 × 10−16 m2 for our simulations. Using such an assumption,
we compared the Coulomb stress changes obtained with the seis-
micity observed at several times during the period of stimulation
(Cuenot et al. 2008). The pressure and Coulomb stress changes
highlight the interactions between the fluid injected into the GPK2
and GPK3 wells (Fig. 4). Comparisons between maximum Coulomb
stress changes computed and the seismicity observed in the periods
considered are well matched (Fig. 5).

In a further test, we tried to take into account the likely anisotropy
of the permeability, as indicated by Sausse et al. (2010). We con-
sidered the permeability anisotropy as being caused by fracture
alignment perpendicular to the direction of minimum stress (i.e.
N20◦W). We thus assume anisotropic permeability, with kx = 2 ×
10−16 m2; ky = kz = 2 × 10−15 m2 (along the N20◦W and z direc-
tions). A general decrease of the pressure changes is observed, due
to the higher permeability with respect to the isotropic case, with
a marked elongation of the Coulomb stress change patterns in the
North direction, which results in a better match with the observed
seismicity pattern (Fig. 6).

D I S C U S S I O N A N D C O N C LU S I O N S

Modeling results for homogeneous media indicate strong differ-
ences in the stress field changes for injection and withdrawal of

Figure 4. Estimated pressure changes (a) and maximum Coulomb stress changes (b) at the different times of the injection experiment described in Fig. 3.
From left to right, the figures in each row are related to times from (a–f) in Fig. 3.
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Coulomb stress model for induced seismicity 509

Figure 5. Coulomb stress changes (MPa; projected on three orthogonal slices) at the times indicated in Fig. 3, assuming an isotropic permeability. Coulomb
stress changes are also compared with the earthquake locations of seismicity that occurred during these periods. Note the good agreement between positive
stress changes and seismic areas. Y axis (blue) of the reference system is along the direction passing between the two wells, with X (red) and Z (black) axes.

fluid. In particular, although the overpressure patterns are exactly
equal, apart from the opposite sign, the Coulomb stress changes
are significantly different between these two cases. The maximum
changes due to fluid withdrawal are about one order of magnitude

lower than for fluid injection. Such a difference arises essentially be-
cause, as obvious, the fluid extraction from the rock tends to stabilize
the fractures, by decreasing the pore pressure, whereas fluid injec-
tion, with the consequent pore pressure increase, destabilizes them.
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Figure 6. Maximum Coulomb stress changes (MPa; projected on three orthogonal slices) at the times indicated in Fig. 3, assuming anisotropic permeability
(see text for the values). Coulomb stress changes are also compared with earthquake locations of seismicity that occurred during these periods. Note the good
agreement between positive stress changes and seismic areas. Y axis (blue) of the reference system is along the direction passing between the two wells, with
the X (red) and Z (black) axes.

However, also in the case of fluid withdrawal, non-homogeneous
pore pressure changes, although generally negative, contribute to
the build-up of the shear stress; at some locations, this results in
Coulomb stress increase. The substantial differences in the physical

mechanisms of the Coulomb stress increases between these two
cases appear to be the key factors that cause the widely observed
marked differences in the risk of induced seismicity; very low in
extraction activities, but high during injection. This study presents
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a basic physical interpretation of such different behavior during
fluid injection and withdrawal. For the simulation of real injection
activities in terms of the Soultz-sous-Forets case study, our
data show very good agreement between the modeled maximum
Coulomb stress changes and the locations of observed seismicity.
Also in the case of isotropic permeability, seismic events are cor-
rectly aligned along the two wells, and the N–S elongation of the
event cloud is retrieved. Of note, after 4 days of continuous water
injection only in the well GPK3, the Coulomb stress changes al-
ready show an elongated behavior, while the overpressure pattern
still retains a spherical symmetry. These effects must be related to
the pre-existing loading of the regional stress field, as the injec-
tion at the GPK2 well is still off in this first period. On the other
hand, at the end of our simulation, this elongation effect of the
Coulomb stress changes pattern is enhanced. Similar effects are
also seen for the pressure changes, which indicate that the N–S dis-
tribution of the seismic cloud is enhanced by the joint stimulation
effects.

The approximately N–S elongation of the seismic location pattern
is enhanced using anisotropic permeability, because its contribution
adds up to the regional stress effect. The observed seismicity pattern
appears to be even more in agreement with this enhanced elonga-
tion, and with the lack of significant clustering at the point of GPK3
stimulation, where the isotropic model has a much more marked
maximum. Indeed, the use of anisotropic permeability prevents the
formation of such a large maximum at the point of injection, just
because this water can flow away from the injection point more
easily, along the direction of maximum permeability. In our sim-
ulations, the pressurized front, and the associated increase in the
Coulomb stress levels continue to expand also after both wells are
shut off, and this effect matches with the persistency of the induced
seismicity and the peripheral distribution of the events, which was
associated to a buoyancy effect by Baria et al. (2004). The agree-
ment remains very good during all of the stimulation phases. It is
important to underline that although we refer to incremental changes
in the Coulomb stress in Figs 2, 4–6, we are justified to directly as-
sociate even small changes with failure. Indeed, a previous report
on the stress state at Soultz-sous-forets by Portier & Vuataz (2009)
demonstrated that at 5 km of depth, the tectonic loading of the gran-
ite bedrock is very close to the failure threshold (a few MPa below
the critical value); for this reason, the Coulomb stress increase that
we compute appears to be effective to bring the granite above the
failure threshold.

Based on our modeling results, it appears that the Coulomb
stress changes constitute the main causes for induced seismicity
during stimulation that are generated by water injection. These
stress changes do not only result from changes in the pore pres-
sure, but also from the whole change in the stress tensor at any
point in the medium, which results from pressure perturbation due
to the injection. Among the main approximations of the model used,
we should note the neglecting of the permeability increase due to
the earthquake occurrence. Such an effect should progressively en-
large the seismic volume in turns, while decreasing the pressure
at the well bottom and in its neighborhood (as it is inversely re-
lated to the permeability). This effect can anyway be simulated by
changing the permeabilities during the time steps of the simula-
tion, with the following of some empirical relationship between
earthquake occurrence and permeability. Introducing the perme-
ability increase effect and furthermore considering the additional
Coulomb stress changes due to the induced earthquakes themselves,
would be the most obvious improvements to our model, which will
be investigated further in the future. However, despite the modeling

simplifications, the very good agreement between the Coulomb
stress changes and the induced seismicity distribution supports the
reliability and robustness of the main results of this study, which
provide information related to the basic mechanisms that drive the
phenomenon.

At present, as well as constituting an important step towards the
interpretation and mitigation of induced seismicity, this model can
also be used for better planning of oil and gas activities that imply
injection and/or withdrawal of fluids in deep wells, to forecast the
areas of greater likelihood of induced seismicity.
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