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ARTICLE INFO ABSTRACT

Keywords Fluids are naturally present in the crust from subsoil to several kilometers deep. The representation of the Earth's
Thermo-Poro-elasticity crust as a purely elastic medium ignores the effects of fluids within rock pores. Because the presence of fluids
Fluids L alters the mechanical response of rocks, the theory of poro-elasticity can be used to more accurately represent the
Lr:lt;;ed Selsmicity deformation and the stress field of the crust, especially when the fluid saturation of rocks is high. In a poro-elastic
Reservoir medium, fluids interact with the hosting rocks through the pore-pressure. If the fluids have significantly different
Geothermal systems temperatures compared to the surrounding rocks, the theory of poro-elasticity can be generalized to the thermo-
Inclusions poro-elasticity, which also takes into account the effects of the thermal expansion of the medium The geophysical

applications of these theoretical frameworks are highly diverse and based on different modeling approaches and
assumptions. In this work, we emphasize potential applications of thermo-poro-elasticity theory in developing
increasingly complex models of rock-fluid interactions. To do that, we focus on the different modeling ap-
proaches employed in some recent models of deep fluid exploitation, reservoir induced seismicity, interaction
between seismic faults and fluids, and hydrothermal systems in volcanic zones. Our review paper aims to offer a
comprehensive summary of the models, theories, code packages, and applications pertinent to this area and
suggest some possible future developments of thermo-(poro-elastic) models in different application areas.

1. Introduction core-mantle boundary due to the lithospheric slabs at subduction zones
(Karato et al., 2020; Walter, 2021). The CO is mainly generated by
metamorphic processes of crustal rocks and mantle degassing (e.g.

Piombo et al., 2005). In particular, volcanic and hydrothermal areas are

Even if the presence of fluids in the subsoil has been known for a long
time, the debate about their importance in characterizing and influ-

encing geophysical phenomena is still open. The most abundant crustal
fluids are water, CO, and hydrocarbons (mostly CH4) (e.g. Fyfe, 1978).
The subsoil water is mainly produced in the atmosphere and reaches the
crust during the groundwater recharge. The water can accumulate and
flow in the permeable soils that characterize the shallow crust giving rise
to the aquifers, which may serve as an underground source of ground-
water (Wang and Manga, 2021a). The latter can be recharged both by
the direct infiltration of water from the surface and by water fluxes
coming from the recharge areas, generally located in the mountains (e.g.
Markovich et al., 2019). The water can be also transported down to the
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strong emitters of CO; (e.g. Chiodini et al., 2021). The magma near the
Earth's surface, which is stored in crustal reservoirs, is a source of
exsolved volatiles, primarily consisting of H,O and CO» but also includes
significant amounts of sulfur (H3S and SO5), carbon and halogen gasses
(CO, HCI, HF), along with trace constituents such as volatile metals
(Edmonds and Woods, 2018). The CHy4 in the Earth's crust is predomi-
nantly biogenic and derives from the degradation of organic matter from
bacterial or thermogenic processes (Schoell, 1988).

Geophysical processes involving crustal fluids span a broad range of
phenomena, such as ground subsidence, which is often due to
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groundwater over-exploitation (Carminati and Martinelli, 2002; Holzer,
1984; Nespoli et al., 2021b; Teatini et al., 2006), induced seismicity in
geo-energy related fluid injections/extractions (Ellsworth, 2013; Evans
et al., 2012; Shapiro, 2015; Shapiro et al., 2010; Zang et al., 2014), stress
and deformation induced in volcanological environments (Segall, 2010;
Turcotte and Schubert, 2014) and the much debated topic of hydro-
logical changes following earthquakes. The latter involve processes such
as liquefaction, groundwater level changes, and post-seismic fluid flow,
among others (Brodsky et al., 2003; Jonsson et al., 2003; Manga et al.,
2012; Wang and Manga, 2010). Both theoretical and modeling ap-
proaches to represent such fluid related phenomena are characterized by
high levels of complexity.

In this paper, we highlight the coupled interactions between Earth's
crust and fluids within rock pore spaces, discussing the adequacy of pure
elastic models in explaining geophysical observables during related
transient processes. While we briefly address fluid-fault interactions,
which is an important topic deserving of a dedicated study, the primary
focus is on demonstrating the advantages of the poro-elastic framework
for understanding fluid-rock matrix interactions. The following section
will first introduce the distinct mechanisms in permeable, poro-elastic
and thermo-poro-elastic media, providing a comprehensive review of
the fundamental concepts, and governing equations, along with their
respective responses under undrained/drained boundary conditions
(Section 2). We further introduce representative porous-media appli-
cations in induced seismicity, geothermal and hydrocarbon exploitation,
reservoir induced seismicity, fluid effects on fault reactivations and
volcanic processes, covering geophysical observations, analytical ap-
proaches and evolution of numerical simulations (Sections 3 to 5).
Section 6 highlights additional areas of poro-elasticity that are actively
being explored in recent literature. Section 7 discusses emerging di-
rections in various fields applying poro-elasticity theory, addressing
current limitations due to the non-linear nature of the equations, and
offering insights into unresolved challenges that call for the develop-
ment of more advanced models. Overall, this structured exploration not
only addresses the theoretical aspects but also underscores the practical
significance of rock-fluid interactions, paving the way for future studies.

2. The dynamics of pore-fluids
2.1. Permeable media (P)

The simplest description of crustal fluid flow considers an incom-
pressible single-phase fluid flowing in a porous and permeable medium.
In this case, the permeable medium (P) is represented as a non-deformable
solid matrix made up of small interconnected empty cavities (pores),
within which fluid can flow (Fig. 1a). The solid matrix has a porosity (¢)
which expresses the volume of pores per unit volume of the medium. If a
cylindrical volume with section A and length L (Fig. 1a), is subjected to a
vertical pore-pressure gradient
Vp = (P2 —p1) )

L
a vertical fluid flow would occur. In this case, the ratio between the
volume of fluids (Q, m3/s) crossing a given section A of the medium in a
second (Fig. la) expresses the magnitude of the Darcy's velocity
(expressed in m/s):

q=Q/A (2)

The empirical law describing the fluid flow occurring in a permeable
media (Fig. 1a) is known as Darcy's law (Darcy, 1856):

k
a=- (Vp —p;8) 3)

where q is the Darcy's velocity in its vector form, k (m?) is the perme-
ability of the medium, » (Pa s) is the fluid viscosity, pf (kg/m?) is the
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d Permeable medium (Undeformable)
Q Interconnected cavities
(pores)

Matrix
or solid skeleton

b Poro-elastic medium (Deformable)

Undrained conditions

Impermeable
barrier PC

Permeable
barrier c

Fig. 1. Illustration of pore-fluids within a rock. Sketch of a (a) Permeable
medium, (b) Poro-elastic medium.

reference density of the fluid, and g (m/s?) the gravitational accelera-
tion. Permeability values in nature span over several orders of magni-
tude, from very permeable soils as gravel with k = 1077 m? to
impermeable (or impervious) stones, such as granite, with k = 1072° m?
(Bagdassarov, 2021; Turcotte and Schubert, 2014). Within this broad
range, there are semi-permeable (or semi-pervious) materials. To model
how the variation in fluid flow over time t, Darcy's law must be
accompanied by the continuity equation (conservation of mass) which,
by assuming the full saturation of the permeable medium in isothermal
conditions, can be written as (Wang and Manga, 2021a):

@ +V-(prq) —psQ =0 )
where Q, represents a generic source or a sink of fluid per unit volume of
the medium (s’l). Further complications to represent more realistic
permeable media are then required to model the presence of: i) het-
erogeneity and anisotropy of the medium, ii) multiphase and multi-
component fluids, iii) heat and solute transport, iv) transient parameters
describing the rock and the fluid phases. Such generalizations can be
introduced analytically (Wang and Manga, 2021a; Ingebritsen et al.,
2006) or by using very complex numerical codes such as HYDROTHERM
(Kipp et al., 2008), TOUGH2 (Pruess et al., 2012), TOUGH3 (Jung et al.,
2017) and COMSOL® (COMSOL, 2012), which are often used in both
research and industry. In particular, the representation of multicompo-
nent and multiphase fluids can be important when different components
coexist in regions experiencing varying pressures and temperatures.
Pressure and temperature regulate the phase (state of matter) of a ma-
terial (solid, liquid, gas, or supercritical). The phase affects the material's
physical properties, such as density and viscosity, which, in turn, in-
fluence the fluid dynamics within a porous medium. This is evident even
in the basic principles of Darcy's law (Eq. (3)). Multicomponent and
multiphase fluid representation becomes important for modeling



M. Nespoli et al.

systems in which different fluid phases and species share the same pore
space. In such cases, the different relative permeability, capillary pres-
sure and molecular diffusion of the fluids must be included in the models
which become considerably more complicated. Examples of applications
are CO injection scenarios and hydrothermal systems, where CO, and
H20 can typically coexist in both liquid and gas phases (Borgia et al.,
2017; Todesco et al., 2010).

2.2. Poro-elastic media (PE)

The description of a permeable medium neglects the mechanical
effects of fluid-rock interaction (coupling). To describe a deformable,
permeable medium, we can invoke the theory of poro-elasticity that was
first derived by Biot (1941) and Terzaghi (1943) and subsequently
extended by Geertsma (1966). Since surface deformation is one of the
few direct observables in geophysics, poro-elastic theory is still
commonly used in various applications, as we will see in the following.

A poro-elastic (PE) material is described by properties expressed per
unit volume of the material. This elemental volume must be small enough
to assume that all properties inside it are constant and change contin-
uously between units, but large relative to the pore spaces or grain-size
dimensions of the solid matrix. Media for which the above assumptions
hold can be considered as a continuum. Within the theory of poro-
elasticity, fluid diffusion can be represented by considering two
different equations, according to Rice and Cleary (1976). The first is the
constitutive equation linking strain e; and stress 7;;, It is analogous to the
constitutive equation of an elastic medium, except for the last term,
which describes the pore-pressure change, p, within the continuum, with
respect to a reference configuration and can be written as:

(v, —v

Qe = 75 — Y
ey =T B +v)1 + 1

v
1+v

The term p is the rigidity (Pa), d; is the Kronecker delta function, B is
the Skempton's coefficient (Skempton, 1954), ranging from O to 1, v and
vy are called drained and undrained Poisson's ratio, respectively, where v
< vy < %. The Poisson's ratio terms are nondimensional. The second
equation expresses the mass-balance and can be written as:

_Pr 3y —v) 3
Am = B0 + 0)(1 +20) <Tkk +Bp> ©®

where Am indicates the change in fluid mass content per unit of volume.
To better understand the poro-elastic behavior we introduce two
limiting conditions of the poro-elastic medium (e.g. Wang, 2000): the
undrained conditions and the drained conditions (Fig. 1b).

2.2.1. The undrained conditions

The undrained conditions can be obtained by surrounding a sample
of poro-elastic material with an impermeable jacket. In such a case, as
the fluid is unable to flow out, an increase of the confining pressure P,
acting on the boundaries of the sample would lead to an increase of the
pore-pressure p inside the pores, and vice-versa. The undrained condi-
tions can be used to represent processes that occur on time scales which
are too short to allow for the loss or gain of pore fluid in a material
element, for which we can assume Am = 0. In this case the relation
between the pore-pressure and the stress is very simple:

1
p = — gBTkk (7)
with
B— 3H(l/u — L/) (8)

K(1+uvy)(1—2v)

and
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H

1
K

)

1
K
where the Skempton's coefficient B is expressed in terms of the poro-
elastic expansion coefficient, 1/H (Pa™D), indicating the volumetric
strain due to a change in p, K (Pa) the drained incompressibility of the
poro-elastic medium and K's (Pa) which corresponds to the incompres-
sibility of the solid portion of the medium, under some simplifying, but
often assumed conditions (e.g. Wang, 2000). It is worth to notice that
often in the literature the ratio

a=— (10)
is called Biot-Willis's coefficient.

2.2.2. The drained conditions

The drained conditions (Fig. 1b) represent the case in which a sample
of poro-elastic material is surrounded by a permeable jacket. In this case
an increase of the confining pore-pressure would be accompanied by a
leakage of fluid from the sample which would tend to re-establish the
pore pressure and for which we can assume that the pore-pressure
change with respect to the initial state is p = 0 for a time t — co.
Therefore, for a sufficiently large time, the constitutive equation of a
poro-elastic material (5) would be totally equivalent to the one of an
elastic material. Actually, for the study of most of the transient phe-
nomena in geophysics it is more interesting to study everything that
happens between the conditions of undrained (t - 0") and the condition
of complete drainage (t — o0). Starting from the set of Eqgs. (1) to (4), it
can be shown that the dynamic of a poro-elastic medium which de-
scribes the transient mechanical effects can be expressed by the
following system of equations:

61,7 _
oG an
62
2 o
v €xik 0Xidxkelk 0 (12)
9 , 3
(& —-DV ) (rkk +]§p) =0 13)

where (11) are the equilibrium equations, (12) are the compatibility
equations and (13) is the diffusion equation, D (mz/s) is the hydraulic
diffusivity (Rice and Cleary, 1976):

Do 2kuB*(1 +v,)*(1 — v)
B 9’](1 - Vu)(l/u - V)

Notice that an additional term must be considered in Eq. (13) in cases
in which fluid sources or sinks are present, as could be the case of models
of fluid injection or withdrawal from wells. In absence of fluid sources or
sinks, Qs = 0.

14

2.3. A brief generalization to Thermo-Poro-Elastic media (TPE)

The generalization of the poro-elastic constitutive relation (5) to a
thermo-poro-elastic (TPE) one (Selvadurai and Suvorov, 2016), which
has the temperature change, T, as an additional variable, can be intro-
duced following Biot (1941) and McTigue (1986):

3wy —v 2
(u—v) pS; + —par, TS; (15)

2
He BA+0)1+u )73

14
Tjj — Drkké,-j+

ij 14+
where the last term of (15) depends on the coefficient of thermal
expansion, a (K™Y, of the solid matrix. The diffusion Eq. (13) in absence
of fluid sources or sinks can be also rewritten as (McTigue, 1986):
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9 2 3\ _ 2 "_T
(E—DV ) (Tkk +Ep> = Dﬂlv T+ﬁ2 ot (16)
with

_4 (1+v)
ﬁl - 3/’10.:(1 _ U) (17)
and

14 oy)
(0y —0)

2
By = gﬂBq)(af —a;)(1+0) 18)

where af (K1) is the thermal expansion of the fluid phase. The set of Egs.
(3), (4), (11) and (16) must be accompanied by the energy balance
equation (Bejan, 2013):

pc%—f +p;6q-VT = AV?T — q-Vp 19)
where

pe = [ppser + (1 — @)pycs | (20

and

A= [0d+(1— )i 2D

with p; the density of the solid matrix, c; and c¢ the specific heat (J kg™*
K1) of solid and fluid respectively, A and /s the thermal conductivity
m~ ' K1) of solid and fluid, respectively.

2.4. Effective stress and ACFS

In the literature is widely used the concept of effective stress, 'y,
which depends on pore pressure p and it can be expressed as r;j =75+
g pd; (Kiimpel, 1991; Wang and Manga, 2010), by assuming positive the
tensile stresses. In materials with numerous and/or highly deformable
cavities K<«K;, so K/H ~ 1 according to the Eq. (9). In this case the
effective stress takes the simplified and often used form, T/ij = 7; + p&j.
Its importance derives from the fact that strain is related to the effective
stress in the same way as for an elastic medium: in other words,
substituting 7; with 7;j the constitutive equation of a poro-elastic me-
dium becomes formally identical to the one of a linear elastic medium.
While most common computational approaches use the pore-pressure
variation directly into a poro-elastic model and hence failure is evalu-
ated with a given brittle or plastic criterion (e.g. Mohr-Coulomb,
Drucker-Prager, Hoek-Brown, Cam-Clay, etc.), the stability of pre-
existing fault planes due to local pore-pressure changes Ap can also be
studied by computing the variations of the Coulomb Failure Stress
(ACFS), which, neglecting the cohesion term variation, can be written as
(e.g. Wang and Manga, 2010; Fan et al., 2019; Steacy et al., 2005):

ACFS = (A7) +f(Ac, + Ap) (22)

where fis the static friction coefficient, on a given fault plane and Az and
Aoy indicate the changes in tangential and the normal stress (assumed
negative for compressional loadings) acting on the same fault plane,
respectively. According to Eq. (22) a positive pore pressure change can
contribute to producing a positive Coulomb stress change. In this case,
the slip on the fault plane, i.e. an earthquake, is favored. The criterion of
Eq. (22) was largely and effectively applied in geophysical literature
(Cocco and Rice, 2002; Jin, 2022; King et al., 1994; Nespoli et al., 2018;
Nostro et al., 1997; Piombo et al., 2005). Generally, in undrained con-
ditions, Ap can be computed from the volumetric stress change (the
trace of the stress tensor), according to Eq. (7). Under the assumption
that in a fault zone Ap is solely proportional to the normal stress acting
on the fault plane (Ap = — BAoc,) the Eq. (22) can be rewritten, as often
reported in literature, in terms of the effective friction coefficient, f * =
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f (@A - B) as (Beeler et al., 2000; Harris, 1998; Nostro et al., 2005):
ACFS = (A1) +f(Acy) (23)

However, this assumption is not always verified. According to Cocco
and Rice (2002), the Eq. (23) leads to the same results of the more
general Eq. (22) only when:

o there is anisotropy near the fault plane, resulting in the strain
component acting normal to the fault being much larger than those
acting parallel to it,

the rigidity of the medium near the fault is less than 50 % of that in
the surrounding areas. This reduction could occur when porosity is
dominated by cracks or flattened pores, with their long axes aligned
subparallel to the fault plane.

Both conditions can be representative of a region surrounding a fault
characterized by intensely fractured and compliant rocks (damage
zone).

The limitations of ACFS analysis stem from the fact that it does not
capture time-dependent processes, such as fault breakdown or healing,
which are related to the evolution of fault properties. To model these
processes, the pore-pressure changes must be incorporated into rate- and
state-dependent friction laws, describing how the frictional strength of a
fault evolves during sliding, due to the dependence on the slip rate (or
velocity) and the evolving “state” of the fault surface subjected to a time-
dependent effective normal stress (Dieterich and Linker, 1992). To
model the coseismic evolution of a fault, several approaches that ac-
count for time-dependent pore pressure and porosity were proposed
(Mitsui and Cocco, 2010; Segall and Rice, 1995).

3. Resource exploitation and induced seismicity

It has become widely recognized that poro-elasticity, in the broad
sense, plays an essential role in the so-called induced seismicity: earth-
quakes generated by human activity. A recent review (Moein et al.,
2023) summarized the physical mechanisms behind induced seismicity
as stress perturbation:

e Pore-pressure changes: Fluids injected into or withdrawn from un-
derground reservoirs alter the pressure in the pores of the rock and
consequently the stress in the medium

e Poro-elastic coupling: Fluid injection or extraction causes the sur-
rounding rock matrix to deform

e Thermal stresses: Injection of cold fluids or heat extraction result in
thermal expansion or contraction of rocks which can induce stress

e Earthquake interactions: Once an earthquake occurs, it can influence
the stress field of nearby faults, making them more susceptible to
future earthquakes

e Aseismic fault slip: Sometimes, instead of causing a sudden seismic
rupture, stress changes can induce slow, gradual movements along
faults, known as aseismic slip that can redistribute stress in the
medium.

Induced seismicity can be also related to fault weakening:

e Stress corrosion: This is a chemical process in which long-term
exposure to stress and fluid interaction weakens the minerals in a
fault zone

e Dynamic weakening: During seismic slip, frictional heating or rapid

movement can lower the friction along the fault, allowing it to slip

more easily

Cohesion loss: Fault zones are held together by cohesive forces. If

these cohesive forces weaken due to chemical, mechanical, or ther-

mal processes, the fault becomes more susceptible to failure under
stress.
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In the following paragraphs, we summarized some of the fields
(Fig. 2) where induced seismicity and poro-elasticity have been linked.

3.1. Geothermal

Geothermal exploitation is an important case study for poro-
elasticity due to the presence of both permeable and fractured media.
A geothermal system is a natural source of energy which can be
extracted from the hot fluids permeating underground rocks. This
operation is usually done with the extraction of the fluids through a well,
however, in some cases, the permeability of the medium is insufficient to
allow for the circulation of underground fluids, hence permeability must
be artificially enhanced (stimulation phase). The first approach with
direct production of hot fluid is commonly referred-to as “conventional”
geothermal systems, while the second case is called as “unconventional”
or “enhanced/engineered” geothermal systems (EGS) (Olasolo et al.,
2016; Xie et al., 2015; Zimmermann and Reinicke, 2010).

For EGS, permeability enhancement can be achieved by injecting
cold fluids, which causes the re-opening of the pre-existing fractures or
the creation of new ones and a subsequent increase of the fluid flow in
the host rocks (Fig. 2a). On the one hand, the challenge is to capture the
greatest amount of heat from the Earth's crust, minimizing the work and
costs. On the other hand, the geophysical literature is often focused on
the study of the potential hazard and risks for the population that may be
related to the production of energy from deep reservoirs and EGS. In
fact, there are well-known cases in which underground energy exploi-
tation was clearly linked to an increase of seismicity with respect to the
natural seismicity observed prior to exploitation (Ellsworth, 2013; Evans
et al., 2012; Ge and Saar, 2022; Griinthal, 2014; Keranen et al., 2014;
National Research Council, 2013; Ritz et al., 2022; Shapiro et al., 2010;
Silverii et al., 2021).

The importance of the seismicity induced by the exploitation of geo-
resources has given rise to the creation of a decision support probabi-
listic tool such as the Adaptive Traffic Light System (ATLS) (Broccardo
et al., 2019; Grigoli et al., 2017; Trutnevyte and Wiemer, 2017). As an
example, the exploitation of the EGS of Basel (Switzerland) occurred in
2006 is a widely documented and studied case. There, the injection
phase was planned to last 21 days, but it was initially reduced due to the
high seismicity rate and then stopped after only 6 days due to the
occurrence of a “large” My 2.6 earthquake. A subsequent M 3.4
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earthquake occurred after shut-in at which point operators started the
bleeding-off of the well. More than 10,000 earthquakes occurred during
the whole stimulation around the injection well at about 4.5 km depth
(Catalli et al., 2013; Haring et al., 2008; Rinaldi and Nespoli, 2017).

A very simplified approach by neglecting poro-elasticity is often
already sufficient to explain the induced seismicity commonly observed
in EGSs (e.g. Shapiro, 2015), especially during the stimulation phase, in
which permeability enhancement is done. Some authors introduce the
concept of seismogenic index which quantifies a seismogenic reaction of
rocks to the impact of a fluid of unit volume: a higher seismogenic index
implies a higher seismicity hazard related to fluid injections and a
greater probability of earthquakes with great magnitude (Shapiro, 2018;
Van Der Elst et al., 2016). A seismogenic index model, could in principle
provide an easy relation between the induced seismicity and the injec-
tion flow volume during stimulation activity (Broccardo et al., 2019;
Mignan et al., 2017), although not providing any substantial indication
for permeability changes nor accounting for poro-elasticity. Such a
method provides a straightforward approach to assessing seismic hazard
by correlating seismicity with geological and geophysical parameters.
But due to its empirical nature, the seismogenic index does not provide
insights into the detailed physical processes that drive seismic events,
and its predictions for the maximum magnitude of run-away ruptures
could be unreliable. Very often the focus is more placed into the iden-
tification of the correct permeability enhancement rather than on stress
changes due to poro-elastic coupling. For example, some modified ver-
sions of the TOUGH2/3 codes (Jung et al., 2017; Pruess et al., 2012) are
widely used in scientific and industrial fields for their ability to represent
multiphase and multicomponent fluids with a very high level of detail
for both homogeneous (uniform poro-elastic behavior) and fractured
(anisotropic poro-elastic behavior) media (Battistelli et al., 1997; Liu
et al., 2020; Yuono and Daud, 2020; Zeng et al., 2013).

However, TOUGH2 does not consider the mechanical coupling be-
tween the fluid and the porous matrix, does not consider variations in
permeability over time and by default would not allow to simulate
seismicity. Recently, Rinaldi and Nespoli (2017) modified TOUGH2 to
model the permeability changes that occur in a medium due to both
elastic effects (as pressure increases, pores may expand, increasing
permeability, or compress, reducing permeability) and permanent
deformation caused by seismic events. In their model (TOUGH2-seed),
they also integrated a seed-based method to simulate seismicity. The
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Fig. 2. Sketch of potential link between some common underground exploitation techniques and induced seismicity EGS system. (a) Pre-existing fracture reac-
tivation during EGS, also referred to in literature as hydroshearing (e.g. Basel, Switzerland and Pohang, South Korea). (b) Pore pressure (Ap) and stress changes (Ac)
induced on faults (orange arrows indicate the slip direction) due to simultaneous production and re-injection of cold fluid in standard hydrothermal systems (e.g.
Hengill, Iceland). (c) Poro-elastic undrained and drained response during gas production and injection (e.g. Groningen, Netherlands).
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seed model (Gischig and Wiemer, 2013) consists of modeling possible
earthquake location (seeds) within a domain, following an assigned
spatial distribution. These seeds can trigger an earthquake depending on
the changes in stress and pore pressure computed at their location.
Despite the absence of poro-elasticity, the modeling approach was suc-
cessfully applied to reproduce the case of induced seismicity by EGS at
Basel (Rinaldi and Nespoli, 2017), seismicity linked to fluid-reinjection
in conventional geothermal field of Hengill in Iceland (Ritz et al., 2020),
as well as seismicity linked to geothermal investigations at St. Gallen
(Zbinden et al., 2020a). TOUGH2-seed capabilities are very useful,
however it should be considered that integrating permeability changes
with seismicity predictions can be complex and may require extensive
calibration and validation. Moreover, the accuracy of predictions of the
TOUGHZ2-seed depends on the quality of input parameters and the as-
sumptions made in the model.

The full coupling between fluid and the solid matrix, provided by the
formalism of poro-elasticity (Section 2.2), is especially required when
one is interested in modeling stress, deformation, and displacement
fields associated with the injection/extraction of fluids. One possible
method to analytically address the problem consists of representing the
geothermal reservoir as an inclusion, following the method described by
Eshelby (1957). According to this method, the reservoir is meant as a
volume undergoing pore-pressure (and/or temperature) changes that is
enclosed by an elastic medium. The literature following this approach
focuses on studying the potential of a reservoir to induce seismicity (e.g.
Geertsma, 1973; Rudnicki, 1999; Segall, 1992) and the associated
displacement (e.g. Guido et al., 2015). In particular, inclusion models
allow us to explain the different fault mechanisms (normal, reverse, and
strike-slip faults) induced by geothermal activity within and outside the
reservoir as was observed in some areas of the world (Segall, 1989;
Segall and Fitzgerald, 1998). The solutions obtained through the
Eshelby (1957) method are static, i.e., they allow calculation of the
mechanical effects for assigned pore pressure (and/or temperature)
changes and assume idealized conditions that may not fully represent
real-world complexities, such as heterogeneous materials. A somewhat
similar approach combines changes in stress and pore pressure with a
rate-and-state model of seismicity to understand how induced seismicity
evolves over time (Segall and Lu, 2015). They demonstrated that in
areas where the background shear stress is relatively low (meaning that
the faults are not critically stressed for failure), the seismicity rate is
more strongly controlled by changes in pore pressure and stress caused
by fluid injection or extraction. Furthermore, they found that poro-
elastic effects can explain why larger seismic events may not occur
immediately after injection begins but can become more likely as the
system equilibrates during the shut-in phase.

An effective approach to model the transient nature associated with
poro-elastic behavior due to injection and withdrawal of fluids in a
multi-layered half-space, divided into multiple distinct layers, each with
its own physical properties, is given by the POEL code (Wang and
Kiimpel, 2003). The solutions of POEL are based on the technique of the
mirror-image and use Haskell's propagator method to represent the
layering of the medium. Compared to the numerical codes that we have
previously presented, POEL is suitable to represent single-phase and
single-component fluids (e.g. water substance) and does not consider
thermal effects on the fluid dynamics, but it accounts for the full me-
chanical coupling between the fluid and the solid matrix. Several recent
works used the POEL code to model the mechanical effects that lead to
induced seismicity (e.g. Deng et al., 2020; Silverii et al., 2021; Yu et al.,
2019).

More complex THM (Thermo Hydro Mechanical) models are based
on the fully coupled approach. For example, the TOUGH-FLAC code
(Jeanne et al., 2015; Rinaldi et al., 2015; Rinaldi and Rutqvist, 2019;
Zbinden et al., 2020b) is based on the coupling of TOUGH2/3 with the
geomechanical software FLAC3D (Itasca, 2009). Other approaches of
fully thermo-hydro-mechanical processes in EGS and induced seismicity
include VISAGE (Koutsabeloulis and Hope, 1998), STARS (CMG, 2003),
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COMSOL® (e.g. Andrés et al., 2019; Cao et al., 2022; Chang et al., 2020)
and CODE-BRIGHT (Alcolea et al., 2024; Boyet et al., 2023).

3.2. 0Oil/Gas injection and production

For these cases of geotechnical activities, poro-elasticity plays an
essential role in understanding the cause of induced seismicity. In fact,
the injection/production often occurs in permeable, soft reservoirs that
are prone to large deformation. The deformation of the reservoir
(compaction for production or general uplift for injection) is responsible
for stress changes that consequently can lead to reactivation of faults
when combined to pressure changes due to the injection or removal of
fluids. In analogy with what occurs for geothermal energy, even the
extraction of deep fluids, such as methane (widely used for the pro-
duction of electricity), is followed by the re-injection of water or CO; (e.
g. Karegar et al., 2015), to increase natural gas recovery and reduce CO;
emissions in the atmosphere (Khan et al., 2013; Zhang et al., 2023).

In case of injection, such as the case of CO, storage, several models
have been proposed to address the issue of induced seismicity (Cheng
etal., 2023; Vilarrasa et al., 2019). TOUGH-FLAC, for example, gives the
flexibility to use several equations of states and it was largely used to
address both deformation linked to injection operation (Rinaldi et al.,
2017; Rinaldi and Rutqvist, 2013; Rutqvist et al., 2002) as well as the
potential for fault reactivation (Rinaldi et al., 2014; Rutqvist et al., 2016;
Vilarrasa et al., 2017). Other commonly used codes for the topic of
induced seismicity during carbon dioxide storage are CODE_BRIGHT
(Vilarrasa et al., 2015, 2019), ECLIPSE-FLAC (Cao et al., 2021), CGM-
STARS (Verdon et al., 2015), or TOUGH-PyLith (Blanco-Martin et al.,
2022).

Both oil and gas extraction cause rock contraction due to the pore-
pressure reduction in the reservoir. The change of pore-pressure can in
turn lead to a change of the mass distribution inside the reservoir and
then change the local stress field (e.g. Hough et al., 2017; Segall, 1989).
For the case of production, one prominent example is certainly the case
of gas production at the Groningen field in the Netherlands, where gas
was extracted for more than 30 years before any seismicity occurred
(Van Thienen-Visser and Breunese, 2015). There, the poro-elastic
response closely aligns with observed data, as seismic activity tends to
correspond with periods of high gas extraction and often shows a
delayed response. This delay reflects the slow compaction of the reser-
voir and the gradual build-up of stress due to pressure drop in the
reservoir. The observed increase in seismic events is consistent with the
poro-elastic transfer of stress, while other mechanisms, such as pore
fluid diffusion or thermoelastic effects, cannot fully account for the
spatial and temporal patterns of seismicity observed at the Groningen
field. Poro-elasticity (both drained and undrained effects) due to reser-
voir compaction is the only viable physical mechanism that nicely ex-
plains the occurrence of seismicity. For example, by using TOUGH-FLAC
with a generic theoretical model, Zbinden et al. (2017) show that the
compaction caused by the gas production leads to shear stress changes
on a fault zone bounding the reservoir. They further show that re-
injection in the same reservoir with the aim of restoring the initial
pore pressure is only a partially effective countermeasure because it may
not fully reverse the stress and compaction effects induced by extraction,
and it could introduce additional complexities related to fluid flow and
uneven pressure redistribution. By using semi-analytical Green function
calculation, a more recent work by Smith et al. (2022) showed how
correctly accounting for the stress variation in the case of Groningen
could be useful to forecast the induced seismicity.

Often the gas/oil extraction is accompanied by subsequent reinjec-
tion of fluids. The challenge in this type of application is to identify the
most effective re-injection strategies to ensure the stability and sus-
tainability of the reservoir. Even if the production phase can induce
earthquakes in the reservoir, in many cases induced seismicity has been
observed during the re-injection phase (Cesca et al., 2021; Deng et al.,
2020). From a geophysical point of view, the oil and gas production
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models are similar to those commonly used in geothermal energy and
allow us to simulate the injection and withdrawal of fluids at a given
pore pressure and possibly a given temperature. For example, Deng et al.
(2020) used the MODFLOW-2005 software (Harbaugh, 2005) to model
the pore-pressure evolution due to fluid injection and oil and gas
extraction in western Texas. They found that fluid injection is likely the
main contributor to the observed induced seismicity as it increases pore
pressure, reactivates faults, and shows strong temporal and spatial
correlations with the observed seismic events.

There are also alternatives in the literature to model the coexistence
of different chemical species within the study area (see for example
Kutsienyo et al., 2021 and refs therein), such as TOUGHREACT (Xu
et al., 2008), STOMP-EOR (White and Oostrom, 2006), and GEM sim-
ulators (CMG, 2021). In fact, in addition to the multiphase and multi-
component fluids representation, it may indeed be important to
introduce geochemistry into the existing framework of thermo-poro-
elasticity, leading to THMC (Thermo-Hydro-Mechanical-Chemical)
models. In these cases, we talk about multiphase multicomponent
reactive transport, where different chemical species interact with
different phases in complex ways (Oliveira et al., 2018) as chemical
reactions can occur between the different fluid phases. Chemical species
can be transformed, potentially causing the precipitation or dissolution
of solid minerals. These changes can alter the geometry of the pore
space, which in turn affects the flow velocity field and transport pro-
cesses like advection and diffusion (Mehmani and Balhoff, 2015).
Moreover, also endothermic and exothermic reactions can influence the
thermal budget of the system (Tao et al., 2019). Chemical reactions in
THMC can occur on time scales that range from seconds to millions of
years, depending on the type of reaction and environmental conditions.
When modeling such systems, it is crucial to distinguish between re-
actions that occur rapidly and those that are significantly slower, as the
latter may be negligible within the relevant time frame of the model.

3.3. Deformation and seismicity induced by dam-reservoirs

The theory of poro-elasticity finds application in another scenario
which is still the subject of an interesting scientific debate today: the
dam-reservoir (lake) induced seismicity. In the literature there are
several works reporting evidence of seismicity induced by shallow hy-
drological loads in the Earth's crust. A review of studies on this topic was
performed by Gupta (2002), according to which the largest induced
earthquake had a M 6.3 and took place in India in 1967 at the Konya

E IWater level
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reservoir. For the purpose of this work, we aim at introducing the role of
fluids and the theory of poro-elasticity in the interpretation and
modeling of this phenomenon. The physical mechanisms at the base of
the reservoir induced seismicity can act together and can be grouped in
three different categories (Fig. 3):

i) elastic response due to the variable loading of a reservoir level. This
arises from the fact that a column of water, with density p,, exerts
a pressure, ps, at the bottom of the lake that depends on the water
level hy, so that ps = pyghy. An instantaneous vertical load at the
top of the crust, represented as an elastic half-space, can be easily
modeled by using the Boussinesq (1885) solutions and it may
favor (or prevent) the generation of earthquakes around the
reservoir. This occurs because hydrological loads alter the dis-
tribution of stress within the crust, especially near the surface and
can induce seismicity, especially in regions where faults are near

a critical stress state. Such solutions were used for example to

model the mechanical state of the Atatiirk Reservoir (Turkey)

whose water impoundment was accompanied by two earth-

quakes with M > 5 in 2017 and 2018 (Biiyiikakpinar et al., 2021).

undrained poro-elastic response of fluids. If, as is likely to be the

case, the rocks surrounding the reservoir are water saturated,

according to Eq. (7) the instantaneous deformation due to a

change in water level is accompanied by a pore-pressure varia-

tion that can promote further seismicity with respect to the pure
elastic response, according to the Eq. (22). Such an approach was
employed for example to study the possible trigger effect on local
faults due to the water level changes of the Pirris Reservoir

(central Costa Rica)(Ruiz-Barajas et al., 2019).

iii) transient response of the fluid. The importance of this third mech-
anism lies in the fact that it can justify induced seismicity that is
delayed with respect to reservoir level variations. In fact, after the
undrained response, the fluid permeating the rocks near the
reservoir is in non-equilibrium conditions, and it must flow to
reach a new equilibrium configuration, in a similar way to what
happens after an earthquake, which will be dealt with in the next
section. Furthermore, the sudden change of the load at the bot-
tom of the reservoir can generate a pore pressure pulse that
propagates downward from the reservoir into deeper depths.

ii

—

To model the vertical diffusion at a depth, z, of the pore-pressure
induced by a step load placed at the top of an half-space (z = 0),

Fig. 3. Sketch of the effects of water level changes in a reservoir. (a) Instantaneous elastic response. (b) Instantaneous undrained poro-elastic response. (c) Evolving
pore-pressure. Black segments represent pre-existing fractures and potential earthquake locations which can be induced by the three coupled mechanisms.
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several authors assume the following analytical solution (Belferman and
Agnon, 2024; Roeloffs, 1988; Wang, 2000):

p(2,t) = yps + (1 —y)pserfc ( \/j_DE> @24
with

o (4w
y=B8B 30 —) (25)

where pj is here assumed to be the pore pressure on the top of the half-
space, v is the loading efficiency (it can vary from 0 to 1) and erfc is the
complementary error function. Notice that for y = 1 the equation cor-
responds to assuming an instantaneous and uniform increase of the pore-
pressure below the lake, i.e. p(z, t) = ps. This last assumption was
employed by Brothers et al. (2011) to show that the periodic flooding of
the palaeo-Salton Sea had the potential to trigger earthquakes on the
southern San Andreas fault. Starting from Eq. (24) was estimated that
pore-pressure diffusion from the Itoiz Reservoir (Spain) can explain the
observed M > 3 earthquakes (Durd-Gomez and Talwani, 2010). Ge et al.
(2009) suggested that the mechanical effects due to the presence of the
Zipingpu Reservoir potentially accelerated the occurrence of the Wen-
chuan earthquake (China) by tens to hundreds of years.

More complex models enable a more realistic description of rock
heterogeneity and the consequent three-dimensional diffusion patterns
of fluids (e.g. Hill et al., 2023). Rinaldi et al. (2020) developed a method
to study the seismicity associated with the impoundment and level
changes of the Pertusillo Lake (Italy). Their methodology combines a
semi-analytical poro-elastic model with an earthquake nucleation
approach based on rate-and-state frictional law. By incorporating rate-
and-state frictional law, the methodology can simulate how variations
in stress and pore pressure influence fault behavior and the potential for
earthquake nucleation. Furthermore, by studying the Longtan reservoir
(China), Hua et al. (2013) suggest that the presence of permeable faults
close to the lake can explain the presence of earthquakes that do not
occur in its surroundings: in that case faults can act as preferential ways
for pore-pressure diffusion and they extend the influence of the lake to
greater spatial scales.

4. Seismic faults and fluids

It is widely known and accepted that earthquakes can affect
groundwater leading to different hydrological responses (e.g. Manga
and Wang, 2015). It is not equally clear when and how much the poro-
elasticity can help to explain the earthquake effects that are usually
observed at the surface. Fault zones are made up of a fault core sur-
rounded by a damage zone. The fault core hosts most of the displacement
due to the fault movement and it is characterized by high strains forming
structures like breccias (fragments of broken rock) and gouge (fine-
grained, clay-rich material) (Caine et al., 1996; Johri et al., 2014). The
damage zone (Kim et al., 2004) is constituted by a network of smaller
fractures and minor faults distributed around the fault core and it can be
represented by a compliant rock volume (Segall, 2010). Beyond the
damage zone there are the less compliant host rocks. The three structures
can have different hydraulic characteristics and the ability of a fault
zone to serve as a conduit or a barrier, is influenced by the relative
proportions of fault core and damage zone structures (Caine et al.,
1996): in fault zones with extensive damage zones, fluid flow is
enhanced through a thin tabular region parallel to the fault plane, while
the fault core limits fluid movement across the fault (Evans et al., 1997).
In presence of a low-permeability gouge, which prevents the fast escape
of fluids, thermal pressurization may occur (Wibberley, 2014). In such a
case, the frictional heating generated during an earthquake along the
fault plane can cause a rapid increase of the pore-pressure, significantly
weakening the fault. In many study cases, a detailed description of the
fault zone is lacking, making it difficult to attribute precise mechanical
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parameters to its heterogeneous structure. Consequently, faults are often
modeled as surfaces with varying degrees of geometric complexity. This
approximation allows us to easily use the dislocation theory to represent
seismic faults.

4.1. Static and dynamic effects of fluids on faults

Generally, fluid-related earthquake phenomena can be distinguished
as static and dynamic effects (Manga and Wang, 2015; Wang and Manga,
2014). While static effects may be dominant primarily in the near field
(distance from the epicenter of about one fault length), dynamic effects
are the only mechanisms that can lead to hydrological responses in the
far-field (Manga and Wang, 2015). The static effects are related to
permanent changes on the deformation field induced by an earthquake
in the surrounding region, which can be modeled, as a first approxi-
mation, considering static dislocations located within an elastic half -
space (e.g. Okada 1992 or Segall 2010). Static stress changes induced by
an earthquake can lead to a reduction of the compressive normal stress
acting on neighboring fault planes (receiving faults). The phenomenon,
known as fault unclamping (Scholz, 2002) is critical because it entails a
reduction of the frictional resistance or an increase of the Coulomb
Failure Stress (Eq. (22)) on receiving faults. This condition can facilitate
fault slippage, potentially leading to earthquake nucleation (King et al.,
1994) or influencing the propagation of an existing rupture (Harris and
Day, 1999). In undrained condition, i.e. during the coseismic stage, the
pore pressure increase caused by static stress changes can lead to
unclamping of faults as well, by reducing the compressive effective
normal stress acting on a receiving fault (according to Eq. (22)), as we
show in the next section. However, this pore pressure increase can be
counteracted by dilatant effects, since fault slip may open additional
fractures and lower the pore pressure.

The dynamics effects entail short-term and transient strain (and
stress) variations due to the passage of seismic waves. Dynamic stress
changes can either accelerate the time-to-failure of a fault or delay it
(Belardinelli et al., 2003), even if their effectiveness tends to be more
pronounced for critically loaded faults. Furthermore, seismic waves can
lead to dynamic changes in pore pressure which can cause a fault to slip
sooner than predicted by the static models (Brodsky and Kanamori,
2001). Even if such dynamic effects lead to temporary poro-elastic re-
sponses, they can be sufficiently strong to cause permanent permeability
and porosity changes that vary the characteristics of the medium
(Elkhoury et al., 2006; Manga et al., 2012; Wang and Manga, 2014).
Among dynamic effects, we mention changes in water level, stream
discharge rate, and water temperature (Brodsky et al., 2003; Kiimpel,
1992; Roeloffs, 1998; Wang and Chia, 2008) as well as soil liquefaction
(e.g. Minarelli et al., 2022; Subedi and Acharya, 2022). The undergoing
physical mechanism is related to the energy carried by seismic waves
that can break or move the obstacles to pore-fluid flow.

4.2. Coseismic poro-elastic effects

If the rocks are porous and host fluids, the deformation field induced
by an earthquake must account for the stress coupling between the solid
and the fluid provided by the theory of poro-elasticity which can be used
(e.g. Roeloffs, 1996) to model both the co-seismic and post-seismic
phases. In the co-seismic phase, since the rocks deform very quickly
and the fluid contained in a deformed volume element has not yet had
time to flow, the undrained conditions (Section 2.2.1) are valid (e.g.
Wang, 2000). During the co-seismic phase, a pore pressure increase (p >
0) is expected in zones subjected to compression, while a decrease (p <
0) is expected in zones subjected to dilation (Fig. 4). The fluid flows that
occur (Section 2.2.2) during the subsequent post-seismic phase arise to
re-establish the equilibrium condition in terms of pore-pressure (q = 0 in
Eq. (3)). Deng et al. (2016) demonstrate the competing effects of the
poro-elastic stress and pore pressure changes in their observations
showing the triggering of earthquakes on short time scales after
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Fig. 4. 3D illustration of the coseismic isotropic stress component 7x/3 (color) generated by the mainshock (Mw 6.1) of the 2012 Emilia-Romagna seismic sequence
(Italy). (a) The fault plane hosting the mainshock is represented in the N-S vertical section with a pink line. At the surface the fault trace is also reported with a pink
dashed line. The fault is a transpressive fault (rake angle = 70°) with a non-uniform slip distribution (see Nespoli et al., 2017, 2018 for further details). Darcy's
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in the dilated area. Velocities are computed assuming a permeability decreasing with depth. Expected water well responses according to the poro-elastic theory are
also reported in the illustration. (b) Geometries of the two seismic faults (yellow and pink rectangles) with their slip distribution (black arrows). The hypocenter
location of the mainshock is represented with a yellow star. The green rectangle shows the location of the N-S vertical section plotted in panel a. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

injection into low-permeability shales. The injection activity triggered
earthquakes shortly after injection at distances over which pore pressure
diffusion effects would be negligible. In contrast, the poro-elastic stress
changes at the site of the induced earthquakes were estimated to be
comparable to the magnitudes of stresses that have been observed to
trigger earthquakes elsewhere.

It is worth noting that to compute the total poro-elastic rebound
(after the complete drainage of the fluid) induced by a fault, one can
simply compute the difference between the two coseismic, static re-
sponses, computed using the undrained v, and the drained, v Poisson's
moduli, respectively (Peltzer et al., 1998).

The poro-elastic response to an earthquake can be envisaged by
observing the variations of the flow rate of the spring and the level of
water wells (or piezometers), which are closely related to the pore
pressure changes that occur at depth. In fact, a sudden increase of the
water level

4p
Pr8

Ah = (26)

is expected in response to increases of the pore-pressure while a sudden

decrease is expected in zones undergoing a pore-pressure decrease (Ge
and Stover, 2000; Jonsson et al., 2003; Nespoli et al., 2016). The cor-
relation between the volumetric strain induced by earthquakes and
water level changes was found as examples by Akita and Matsumoto
(2004) for the M8.0 Tokachi-Oki (Japan) earthquake of 2003, Nespoli
et al. (2016) for the M6.1 Emilia-Romagna earthquake (Italy) of 2012,
Lai et al. (2021) for the M7.9 Wenchuan Earthquake (China) of 2008.
Other interesting cases are reported by Wang and Manga (2021b) and
references therein.

4.3. Postseismic poro-elastic effects

An example of the expected poro-elastic response due to a strike-slip
fault is shown in Fig. 5. The evolution of the pore-pressure computed in
the two locations P1 and P2 is consistent with the poro-elastic responses
that can be observed in water wells: a sudden change followed by a slow
recovery due to the fluid flow.

However, there are also several cases in which only the static
deformation due to an earthquake is not sufficient to explain the co-
seismic water level changes and their subsequent evolution. Other
physical mechanisms have been proposed for these cases, including
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Fig. 5. Poro-elastic response of a left lateral strike slip fault. (a) Map of co-seismic pore-pressure. The gray arrows indicate the Darcy velocities (q). The black line is
the fault trace. The two circles indicate the location of two query points P1 and P2 whose pore-pressure evolution is shown in panels (b) and (c), respectively. The top
of the faults is 1 km, the length is 20 km and the width is 10 km. The strike is 0°N. The dip is 90°. The poro-elastic parameters are pertinent to describe the Ruhr
sandstone (Wang, 2000): y =13 GPa, v = 0.12, B=10.88,D = 5.3.10°2 mz/s, o = 0.65. The magnitude of the uniform slip is 1 m (Mw = 6.2). Results were computed

with the PEGRN/PECMP code (Wang and Kiimpel, 2003) at a depth of 500 m.

permeability changes induced by the earthquakes (e.g. Brodsky et al.,
2003; Geballe et al., 2011), undrained consolidation and compaction of
unconsolidated sediment (e.g. Marema et al., 2023; Nespoli et al., 2016;
Wang et al., 2001). As suggested by Nespoli et al. (2016) which used the
TOUGH2 code to model the evolution of pore-pressure after an earth-
quake, also the alternation at depth of rock layers having different poro-
elastic parameters can significantly affect the behavior of the water level
changes.

The post-seismic poro-elastic response (e.g. Bosl and Nur, 2002;
Peltzer et al., 1998; Segall, 2010) can be modeled analytically under
simplifying assumptions of a fully saturated, homogeneous poro-elastic
medium (e.g. Piombo et al., 2005). Piombo et al. (2005) study the
different effects of a poro-elastic response in presence of a permeable or
impermeable fault. The co-seismic and one-year post-seismic displace-
ments generated by three faulting cases with uniform slip (Normal,
Thrust and Strike-Slip) are shown in Fig. 6. We can note that the post-
seismic displacement magnitude is lower with respect to the co-seismic
one, but not negligible.

4.4. Poro-elastic heterogeneities

The assumption of a uniform permeability value for the whole crust
is unrealistic, since a progressive (logarithmic) decrease of crustal
permeability with depth is generally expected (Ingebritsen and Mann-
ing, 2010). Scibek (2020) published a very detailed database reporting
permeability values of fault zones at different geographic sites. In some
studies, permeabilities are estimated directly, by applying the Darcy
Law (Eq. (3)) to a rock sample in the laboratory, in other cases the es-
timates are indirect (e.g. observation of the seismicity migration over
time, calibration of numerical models of fluid flows and Geochemical/
mineralogical methods). The presence of layers with different elastic
parameters affects the deformation field induced by a seismic fault (e.g.
Nespoli et al., 2017). To model the layered medium, an effective semi-
analytical approach is the one proposed by Wang and Kiimpel (2003)
and implemented in their code PEGRN/PECMP. Nespoli et al. (2018)
used this code to effectively model the 3D poro-elastic response of the
2012 M6.1 Emilia-Romagna earthquake (Italy). The modeled response
was then compared to the ground displacement data measured with
Interferometric Synthetic Aperture Radar (InSAR) and Global Posi-
tioning System (GPS) observations. They found that a fast (= 1 week)
post-seismic response was likely due to the poro-elastic fluid flow
occurring in the highly permeable shallowest layers. A much slower
trend of the poro-elastic response (~ 1 year) instead can be linked to the
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slow fluid flow occurring at greater depths, which are characterized by a
smaller permeability. Similarly, for the Nicoya (Costa Rica) Mw 7.6
earthquake of 2012, McCormack et al. (2020) found that the poro-elastic
deformation measured by some GPS stations can account for most of the
postseismic deformation occurred in the first 7 days following the
mainshock. More recently, the PEGRN/PECMP code was also used by
Yang et al. (2022) to model the poro-elastic response to the Mw 8.3
Ilapel (Chile) megathrust event that occurred in 2015. To include more
complex heterogeneities of the medium, FEM can be applied (e.g.
Hughes et al., 2010). For example, Albano et al. (2017) used a 2D FEM
section to model the poro-elastic response of the M 6.1 Emilia-Romagna
earthquake (Italy) of 2012. They suggest that the post-seismic, poro-
elastic effects can induce afterslip even on the main fault, thus favoring
further seismicity.

4.5. Fluid-related effects on faults

During the post-seismic phase, the fluid flow can in turn generate
deformation and trigger seismicity according to the Eq. (22). Peikert
et al. (2022) investigated the relative importance of poro-elastic and
visco-elastic postseismic relaxation using a 2D FEM for dip-slip faults.
Faults are assumed to be located above the viscoelastic lower crust and
lithospheric mantle. They suggest that both poro-elastic and visco-
elastic effects overlap and should be considered to correctly interpret
the post-seismic geodetic data and the aftershock distributions in terms
of postseismic Coulomb stress changes. After an earthquake, either in
the early stages or on long time scales, both processes can be relevant,
depending on the assumed viscosity values and permeability values. If
the permeability is low enough, poro-elastic effects cannot be neglected
on time scales of years (Nespoli et al., 2018; Peikert et al., 2022).
Deformation is affected by pore pressure changes in the near-field,
whereas viscoelastic effects are important even in the far-field (Freed
et al., 2006; Mandler et al., 2021; Peikert et al., 2022).

Fluid diffusion following a mainshock can contribute to the initiation
and progression of aftershocks and complex seismic sequences
(Chiarabba et al., 2020; Parotidis et al., 2003; Zhao et al., 2015). This
occurs because fluid flow leads to the gradual redistribution of pore
pressure, decreasing the strength of the rock over time, and potentially
causing delayed fracturing (Nur and Booker, 1972). Moreover, coseis-
mic changes in permeability can create preferential pathways for fluid
diffusion, which may trigger multi-mainshock seismic sequences
(Malagnini et al., 2022). Changes in seismicity rates can also be
explained as a consequence of fluid diffusion (Hainzl and Ogata, 2005).
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thrust fault and 90° for the strike-slip fault. The green lines indicate the fault traces. The poro-elastic parameters are pertinent to describe the Ruhr sandstone (Wang,
2000): 4 =13 GPa, v = 0.12, B = 0.88, D = 5.3-10"> m?/s, a = 0.65. The magnitude of the uniform slip is 1 m. Results were computed with the PEGRN/PECMP code
(Wang and Kiimpel, 2003). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The importance of the fluid diffusion during a seismic sequence can be
evidenced by observing the migration of seismicity which in some cases
follows a diffusive behavior (see Figs. 2 and 3 of Antonioli et al., 2005),
similarly to what is observed in EGS. The mechanism of seismicity
triggering can be represented as well following the criterion presented in
Section (2.4): the fluid flow which occurs after an earthquake leads to a
redistribution of the pore-pressure and a change of the Coulomb stress
which can favor seismicity in the proximity of the fault. For example,
Kariche et al. (2018) found that poro-elastic relaxation and stress
transfer are suitable to explain the triggering of post 1944 Al Hoceima
(Morocco) earthquakes. Antonioli et al. (2005) found that the observed
spatio-temporal migration of the 1997 Umbria-Marche (Italy) seismic
sequence is consistent with fluid flow diffusion. Other interesting ex-
amples come from some African earthquakes (Kariche and Meghraoui,
2021) and the 2001 Mw 7.7 Bhuj (India) earthquake (Mandal et al.,
2016). Convertito et al. (2013) suggested that the evolution of the 2012
Emilia (Italy) seismic sequence can be explained considering the dy-
namic triggering due to the passage of the seismic waves, together with
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the variations of permeability and pore-pressure increases in zones with
massive presence of fluids. For the 1997 Umbria-Marche seismic
sequence (Italy), Miller et al. (2004) found that both co-seismic and
post-seismic responses were driven by a pressure pulse of CO; released
by a deep reservoir. For the 2020 Westmorland (California) earthquake
swarms, Sirorattanakul et al. (2022) found that up to 30 % of the seis-
micity was probably due to the pore-pressure diffusion.

For the purpose of clarifying the mechanism of possible hydrological
precursors to earthquakes (e.g. Roeloffs, 1996; Yu et al., 2023), the
National Institute of Advanced Industrial Science and Technology
(AIST) in Japan is monitoring groundwater levels in observation wells
(Itaba et al., 2010). Tokai region, a central part of the Honshu (Main
Island), is considered to be the area where a devastating earthquake, the
Tokai Earthquake, may occur. Observation of groundwater, especially
groundwater level, is regarded as useful for forecasting earthquakes.
AIST monitored groundwater in the Tokai region since 1976 and is
responsible for groundwater observation in the Tokai region (https://
gbank.gsj.jp/wellweb/GSJ E/index.shtml). After the 1995 Hyogo-ken
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Nanbu Earthquake (Kobe Earthquake), AIST set up an observation
network composed of about 30 wells, mainly along active faults in and
around the Kansai area, for the monitoring of active faults or research
for the prediction of inland earthquakes. Some preseismic changes in
groundwater level and crustal strain, which can be explained by accel-
erated pre-slip on the earthquake source fault or another nearby fault,
have already been observed. The quartz-type pressure gauge sensor for
the groundwater level meter is set about 5 m under the water surface.
The temperature sensor is set at screen depth. Observation data of
groundwater level is compared with barometric pressure, rainfall, and
temperature. Similar networks have been set up in USA by USGS (https:
//www.unavco.org/data/strain-seismic/pore-pressure-data/pore-press
ure-data.html), in Taiwan (Liu et al., 2023) and in China (Huang et al.,
2017; Wang et al., 2018).

5. Volcanic regions and TPE inclusions

Volcanic regions are important study areas for testing and applying
the models of fluid diffusion within the Earth's crust. The ascent of
magma that occurs in volcanic regions is generally accompanied by the
exsolution (Sigurdsson, 2000) of volatiles (mainly H,O, CO3, SO5 and
H,S) which, after being released during magma depressurization (e.g.
Belardinelli et al., 2022), rise towards the Earth's surface. This occurs
because when ascending magma reaches the shallow crust it is subjected
to a much lower lithostatic pressure, so it loses pressure and releases
gasses. The presence of hydrothermal fluids is revealed at the surface
through gaseous emissions such as the fumaroles.

Effective modeling of volcanic deformation includes assuming
magma-filled sources embedded in elastic media (Bonafede et al., 2022;
Mogi, 1958; Trasatti et al., 2011; Yang et al., 1988), or accounting for
the TPE mechanical effects of magmatic fluids propagation in the hy-
drothermal system (e.g. Rinaldi et al., 2010; Todesco, 2021; Belardinelli
et al., 2019; Currenti et al., 2024). Magma-filled sources are used to
represent magmatic intrusions in rock layers, such as dikes (near-verti-
cal intrusions) and sills (horizontal intrusions), as well as magma
chambers (reservoirs). In principle, the TPE model might also extend to
the uprise of highly viscous magmatic fluids, as this scenario still in-
volves heat advection through mass movement driven by a pressure
gradient. However, the predominant mechanism for magma uprise is
typically ascribed to the upward propagation of magma-filled tensile
fractures to model the dike ascent, a process that Darcy's law cannot
adequately explain.

Modeling the hydrothermal system of a volcano is crucial both
scientifically and for assessing volcanic hazards. Accurate models help
interpret signs of volcanic unrest and predict potential pre-eruptive ac-
tivities, improving our ability to estimate and manage risks in volcanic
regions. Volcanic unrest is a phase during which a volcano shows signs
of increased activity, such as more frequent earthquakes, soil deforma-
tion, higher gas emissions, or rising temperatures. While unrest can
potentially lead to an eruption within a short timeframe (ranging from
days to months) it does not always result in one. If an eruption does
occur, it could either involve magma or be primarily driven by the
expansion of steam and hot water (hydrothermal fluids) without magma
reaching the surface (Gottsmann et al., 2017).

Behind magmatic eruptions, phreatic eruptions can be also very
dangerous. They are due to the sudden expansion of steam heated by
magma that can generate strong explosions accompanied by the expul-
sion of ash and rock fragments and the release of hydrothermal fluids. A
particularly dramatic case was the 2014 phreatic eruption of Mt. Ontake
(Japan), which resulted in the deaths of 63 hikers. Unfortunately, pre-
cursory ground deformation is not always observed before a phreatic
eruption. One case study that represents an interesting exception is the
2018 phreatic eruption of the Iwo-Yama volcano (Japan). Between 2014
and 2016, ground inflation showed an axisymmetric pattern, with the
greatest displacement occurring at the center of the deformed area.
However, from 2016 the inflation became more concentrated and was
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located near the newly formed vents in the 2018 eruption (Narita et al.,
2020): to explain these observations the authors infer the presence of
two different shallow deformation sources, the first of which began to
pressurize in 2014 and the second starting from 2016. Recently, Flovenz
et al. (2022) found that the cyclical injection of magmatic fluids released
into the shallow hydrothermal system, during the ascent of magma, can
explain both the inflation/deflation and seismicity cycles with periods of
several months observed in Fagradalsfjall (Iceland). They also suggest
that such cyclical behaviors can be interpreted as a precursor to the 2021
Fagradalsfjall magmatic eruption. The importance of forecasting phre-
atic eruptions highlights the need to develop models capable of repre-
senting the mechanical effects induced by the hydrothermal system.
These effects are significant and should not be overlooked, making this
line of research essential for further research (Mannen et al., 2019).

5.1. Hydrothermal fluid raising

The flow of hydrothermal fluids can be very complex to model since
within the same system, different chemical species, phases, degrees of
saturation of the pores and high pore-pressure and temperature gradi-
ents can coexist. Moreover, there may be heterogeneities of the medium
which favor complex patterns of the fluid's circulation. In this scenario
both the theories of permeable media (Section 2.1) and poro-elasticity
(Section 2.2) can be applied effectively. However, due to the high
temperatures at which magmatic fluids may be found, it is often
necessary to extend the poro-elasticity to the thermo-poro-elasticity
(Section 2.3). In this line, Zencher et al. (2006) proposed a 1-D TPE
model to represent the fluid rising through a transition layer (Fig. 7)
located between a shallow meteoric aquifer with a pore-pressure in
hydrostatic conditions (p = pgz) and a deeper reservoir with a higher

Crater

Fumaroles

Rainfall

4 Shallow
meteoric aquifer

Hydrostatic
conditions

TPE volume
(inducing seismicity)

Fig. 7. Sketch of a generic hydrothermal system with a TPE deformation source
located below a volcano. The plume of hot and pressurized fluids exsolved by a
deep magma reservoir (red) crosses a brittle layer (brown) that separates the
shallow meteoric aquifer from the deepest part of the system. During the unrest
phases the stress induced by the deep magmatic reservoir can fracture a portion
(orange) of the brittle layer which increases its permeability. The fracturing of
the layer allows the ascent of fluids from the deep system to the shallow
meteoric aquifer. The mechanical effects and the induced seismicity generated
by the flow of the hot and pressurized fluids within the brittle, fractured volume
can be represented with a TPE inclusion model. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of
this article.)
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pore-pressure in lithostatic conditions (p = psgz). Hydrostatic and litho-
static conditions describe scenarios where the pore-pressure at a given
depth, 2, is due to the weight of the overlying fluid or rock, respectively.
Their model could be applicable to various volcanic areas, such as the
South Iceland seismic zone.

The TOUGH2 code (Pruess et al., 2012) was effectively used to model
the complexities of multiphase and multicomponent hydrothermal
fluids in several regions such as the Vulcano Island (Italy) (Currenti and
Napoli, 2017), the White Island (New Zealand) volcano (Fournier and
Chardot, 2012), the Campi Flegrei (Italy) caldera (Chiodini et al., 2003;
Rinaldi et al., 2010; Todesco et al., 2003; Todesco and Berrino, 2005)
and the Pods (Costa Rica) volcano (Todesco et al., 2015). Usually, the
modeling phase starts from creating a 2D or a 3D mesh-grid which is
suitable to represent the geometry and the main geological features of
the study area. Then the steady state of the model must be reached
imposing the steady state boundary conditions. From the steady state, a
perturbation of the system can be introduced. Such a perturbation is
realized with new boundary conditions (e.g. higher pore-pressure or
temperature at the bottom of the model) or the input/output of fluids. In
both cases it is possible to study in detail the propagation of fluids within
an initially unperturbed system, as could happen during the migration of
a plume of hot and pressurized fluids, released from a deeper magma
chamber.

The HYDROTHERM simulator (Kipp et al., 2008), which allows us to
model heat transport and multiphase ground-water flow in 3D, is also
widely used in the volcanological field (e.g. Hsieh and Ingebritsen,
2019; Reynolds et al., 2017). With respect to the standard TOUGH2
code, which is restricted to temperature T < 350 °C and pore-pressure
lower than p < 100 MPa, the HYDROTHERM simulator can reach
much higher pore-pressures and temperatures (T < 1200 °C and p <
1000 MPa). For this reason, HYDROTHERM is more suitable to model
high-energy hydrothermal systems such as deep geothermal reservoirs
or hydrothermal systems hosting magmatic fluids exhaled from a deep
magma chamber whose temperature can easily be above 350 °C (Ikeuchi
et al., 1998). This limit corresponds approximately to the critical point
temperature of water (T = 373.946 °C) near which, the physical prop-
erties of the liquid and vapor undergo significant changes, causing the
two phases to become increasingly similar. This can create problems
both in the convergence of the solutions, in the calculation of the mass
balance and in the assignment of the fluid saturation, which, for
example, is a dependent variable in TOUGH2. Another option is the non-
commercial multiphase and multicomponent fluid flows (MUFITS)
(Afanasyev, 2012) which can model fluids in supercritical conditions
(maximum p < 150 MPa and T < 1000 °C). It must be recalled that to
model the deformation associated with hydrothermal fluids, these sim-
ulators alone are not sufficient. They must be coupled with other soft-
wares. For example, the coupling between the TOUGH2 with BIOT2
software (Hsieh, 1996) was used by Hurwitz et al. (2007) to model fluid
flow and deformation in calderas. In the same line, Coco et al. (2016)
coupled a finite-difference ghost-point method with TOUGH2 to simu-
late the hydrothermal system dynamics of a restless caldera.

5.2. TPE inclusions

Another recent approach to model TPE effects due to magmatic fluids
involve the TPE inclusions (Eshelby, 1957), representing limited vol-
umes of rocks which undergo variations of pore-pressure and tempera-
ture, embedded in a poro-elastic medium in drained and isothermal
conditions. Even if TPE inclusion models were firstly used to model the
effect of the injection and withdrawal of fluids associated with the
exploitation of geothermal resources, as reported in Section (3.1), more
recently they were successfully applied to model the deformation/stress
and the seismicity in volcanic regions. In such a scenario the pore-
pressure and temperature changes occurring inside the TPE inclusion
do not derive from the well injection/production but from the exsolution
of fluids of magmatic origin.
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According to Belardinelli et al. (2019) the mechanical effects of a
TPE inclusion can be computed by rewriting Eq. (15) as:

1 v
eij = Z (Tij — 1——‘,-1/11(](61]) + 6051']' (27)
where the TPE inclusion potency ey is defined as:

1 1
ey = ﬁp + gaxT (28)

The importance of ey stems from the fact that it determines the
magnitude of all the mechanical effects (displacement, strain and stress)
generated by a TPE inclusion as a deformation source. In fact, the
displacement can be computed integrating over the volume Vg of the
inclusion as:

u = 3Keo/ aG—?‘(x, x') av
v, 0,

where Gy is the Green's tensor for a half-space in isothermal and drained
conditions and indicates the displacement in the i-th direction at x due to
a unitary force acting in the k-th direction located at x’. The stress inside
the source can be computed as:

(29)

Ty = A€y + 2ue; — 3KeoSy (30)
while outside the inclusion it is
Tij = /Iekk(?ij + Zﬂeij GD

In a full space, the mechanical effects of TPE inclusions were
computed analytically from Eq. (29) for spherical and spherical shell
inclusions by Belardinelli et al. (2019) and for thin disk inclusions by
Belardinelli et al. (2022). Semi-numerical approaches allow represent-
ing the free surface (Mantiloni et al., 2020), while pure numerical ap-
proaches based on the EFGRN/EFCMP software (Nespoli et al., 2021a,
2022) allow modeling complex TPE geometries embedded in layered
media. The usefulness of TPE inclusions (Nespoli et al., 2023a) is due to
the fact that they create a strong deviatoric stress field (favoring the
seismicity) within them. In fact, different from TPE inclusions, the
models commonly used to represent pressurized magma cavities have
zero shear stress inside, therefore they do not justify the presence of
earthquakes inside them. TPE inclusions can be also used to explain
deformations even in volcanic environments without evidence of the
presence of shallow magmatic bodies (Nespoli et al., 2021a). Moreover,
they are suitable to model the heterogeneity of fault mechanisms
occurring within and around them (Fig. 8a and b). Resulting displace-
ment and stress due to a disk-shaped TPE inclusion are reported in
Fig. 8c which shows a strong concentration of the induced shear stress
close and within the TPE inclusion volume, where it can favor the
occurrence of earthquakes.

Most recent applications of TPE deformation sources regard the
Campi Flegrei (Italy) caldera, a well-studied and monitored volcano,
with an important role in terms of geohazard. Here an uplift up to 1.8 m
was observed close to the center of the caldera during the unrest period
from 1982 to 1984 (Del Gaudio et al., 2010). Subsequently, there were
20 years of subsidence. Then, in 2005 a new uplift phase started and it is
still going on. Both the 1982-1984 and the current unrest phases were
accompanied by an increase of the seismicity rate and the fumarole
activity (Tramelli et al., 2021).

Different models were employed to model the deformation at Campi
Flegrei (see Bonafede et al. (2022) for a review of them). In addition to
these, Mantiloni et al. (2020) and Nespoli et al. (2021a) showed how a
disk-shaped TPE inclusion model can effectively explain both the
observed deformation and seismicity. Starting from the equations of
section (5.2), Belardinelli et al. (2022) and Nespoli et al. (2021a) also
reported the analytical TPE solutions which can be used to represent the
vertical propagation of hot and pressurized fluids rising from the bottom
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Fig. 8. Sketches of TPE inclusions (orange volume) for (a) increments and (b)
reduction of pore-pressure p and temperature T inside. The zones in which fault
mechanisms (thrust or normal faults) are favored in the two cases are also re-
ported. Black arrows illustrate the direction of the displacement in the TPE
inclusion boundaries (not in scale). Panel (c) shows the computed displacement
(black arrows, exaggerated by a factor 1000) and the maximum shear stress
(color) generated by a test case TPE inclusion (Radius = 2.5 km, depth = 2 km,
width = 0.5 km) undergoing positive changes of p = 10 MPa and T = 100 K. For
the computation, we use 4 = 6 GPa and v = 0.2 (K = 8 GPa), H = 10 GPa, a5 =
3x 10-5 K — 1. Fields computed with the EFGRN/EFCMP code (Nespoli
et al., 2022).

to the top of a disk-shaped TPE inclusion embedded in a full space or in a
half space, respectively. Their solutions are suitable to model magmatic
fluids released by a deep magmatic chamber across a shallower TPE
volume during their rise to the Earth's surface and were obtained under
the simplifying assumption of uniaxial strain, constant vertical stress,
and constant permeability. Such solutions were applied to model the
current unrest phase occurring at Campi Flegrei by Nespoli et al.
(2023b).

Both spherical and cylindrical TPE inclusions were recently used to
model the observed axi-symmetric inflation pattern (with a maximum
uplift of 1.3 cm occurred in 2021) at the Vulcano Island, Italy, by Stissi
et al. (2023). By assuming that the deformation was only driven by the
pore-pressure, they found that a pore-pressure increase between 0.01
and 7 MPa, occurred inside a TPE source located at a depth of about 800
m, can suitably explain the observations. Even in this case they hy-
pothesize that the hot and pressurized fluid flow originated from a
deeper degassing magma chamber.

6. Additional application areas of poroelasticity

Within the broader scope of geoscience and engineering applications
where poroelasticity has a key role, the following areas are particularly
noteworthy:

e Nuclear waste geological storage: the disposal of nuclear waste in the
underground is a viable option for the high-level waste (HLW) pro-
duced at nuclear power plants (e.g.,https://nagra.ch/en/why-nag
ra/). Disposal of radioactive material requires a low permeability
formation, in which several tunnels are excavated to be filled with
specifically engineered canisters containing the HLW and buffer
material, such as sand and bentonite (Sellin and Leupin, 2013). In the
first 1000 years after the emplacement of the nuclear waste, the
thermal perturbation caused by radioactive decay represents the
driving mechanism within the repository (NAGRA, 2016). The
generated heat dissipates through the buffer material and the host
rock, causing steam convection in the de-saturated repository near-
field. This region is slowly re-saturated by inflow from the low
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permeable host rock. Another thermo-hydraulic process that occurs
in geological nuclear waste disposal is the so-called thermal pres-
surization: a pressure build-up resulting from differential thermal
expansion that could potentially trigger mechanical processes
(Nguyen, 2018; Tsang et al., 2012). Despite the potential to induce
few MPa changes in pressure, the thermal pressurization does not
have hydrological relevance, due to the low permeability of the
hosting rock; however, the consequent increase in pressure could
induce significant geomechanical variations through poroelastic ef-
fects, including induced seismicity in the underlying formations
(Urpi et al., 2019). Such changes may also be relevant in the post-
closure phase, which could feature, from the poro mechanical
perspective, processes due to the long-term deformation behavior.
Underground laboratory experiments: several facilities around the
world are focusing their effort in performing experiments at in-situ
conditions. Examples are the laboratories in Switzerland (Grimsel,
e.g. Amann et al., 2018; Mont Terri, e.g. Bossart et al., 2017; Bed-
retto, e.g. Ma et al., 2022), France (Tournemire, e.g. De Barros et al.,
2018; LSBB, e.g. Guglielmi et al., 2015) and US (Surf, South Dakota,
e.g. Kneafsey et al., 2022; Schoenball et al., 2020). Underground
laboratories can provide access to natural conditions at several
hundred meters depth, helping better represent the state-of-stress.
Several of these experiments, performed at LSBB and Mont Terri
(Cappa et al., 2019, 2022; Guglielmi et al., 2015, 2021; Hopp et al.,
2022; Zappone et al., 2021) have clearly shown how the fault reac-
tivation and the seismicity are influenced by poro-elasticity. The
main observations are explained by poro-elastic clamping of the in-
jection region and shear stress generated by aseismic slip at the limit
of the pressurized area, eventually resulting in seismicity (Cappa
et al., 2019). A recent paper by Dutler et al. (2021) also shows how
pore pressure changes due to injection in a fractured network can be
seen through undrained poro-elasticity at distances of more than
100 m far beyond the region affected by induced seismicity.
Tectonics and Seismic cycle: Tectonic deformation and the presence of
fluid are the basic, intrinsic processes that lead to earthquake
nucleation and rupture. Several studies have recognized the fluids as
essential in tectonic processes (Miller, 2013; Saffer and Tobin, 2011).
The most relevant fluid is water that could be released by dehydra-
tion reactions that could cause pore pressure changes especially in
the presence of low permeability asperities barriers (Audet et al.,
2009; Gao and Wang, 2017). The breaching of these barriers is
referred to as a fault-valving model (Sibson, 1990; Zhu et al., 2020).
More recently, the inclusion of fluid pressurization and poro-
elasticity has become widely spread. Effects such as strength reduc-
tion due to pore-pressure increase, poro-elastic effects on rate-
strengthening, and pressurization due to shear heating can all in a
way promote aseismic or dynamic failure (Heimisson et al., 2019;
Ikari et al., 2013; Noda and Lapusta, 2013; Rice, 2006; Scholz, 1998;
Segall and Rice, 1995; Sibson, 1973), while theoretical frictional
consideration and dilatancy effects during fault slip could promote
fault stability (Dal Zilio et al., 2020; Dieterich, 2007; Liu and Rubin,
2010; Marone, 1998; Segall and Rice, 1995). Recently, modeling
effort further highlighted that a wide range of behavior can develop
from the choice of the hydraulic properties and their evolution in a
fault zone (Dal Zilio and Gerya, 2022) and that poro-elastic coupling
on a finite-width shear fault can further promote failure (Dal Zilio
et al., 2022).

7. Discussion and conclusions

In this work we have reviewed some of the most important appli-
cations of crustal fluids models in geophysics. In particular, we have
focused attention on three main topics that can be treated with sufficient
accuracy following the linear theories briefly introduced in Section 2:
resources exploitation and its link to induced seismicity (including
geothermal, hydrocarbon injection/production, and reservoir induced
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seismicity), relationship between faults and fluids, and hydrothermal
systems in volcanic fields. Table 1 outlines the models, theories, and
applications associated with porous media, while Table 2 reports the
main characteristics of the key articles employing different modeling
approaches.Table 3 reports a list of the presented thermo-poro-elastic
parameters with their units of measure.

7.1. Near future directions in different fields of applications

Regarding resource exploitation and the related induced seismicity,
in addition to the economic interest that concerns the optimization of
the process, a main objective is to estimate the seismogenic potential of
the anthropic activity on a given system. In order to achieve this purpose
and have a correct representation of the phenomenon, we need models
suitable to reproduce with extreme precision fluid diffusion and poro-
elastic stresses. Near an injection well induced poro-elastic stresses
can be relevant even outside the region where pore-pressure changes can
induce seismicity (Ge and Saar, 2022). Both mechanisms together with
static Coulomb stress transfer can increase seismicity rates. The recent
literature suggests that these three mechanisms operated concurrently
(or consecutively) at most induced sites (Ge and Saar, 2022). The future
directions of this research topic require the development of coupled
models that can represent all these phenomena in parallel.

The importance of accurately modeling the poro-elastic effects due to
an earthquake is made evident by some recent studies which suggest
that to discern the different contributions in the post-seismic signal, the
poro-elastic ones cannot be neglected. According to Pena et al. (2022)
the spatial distribution of afterslip inferred by neglecting poro-elastic
effects can be locally altered by up to £40 %. In the same line McCor-
mack et al. (2020) suggested that inversions for the retrieval of afterslip
that neglects poro-elastic effects can induce errors of 10-20 % overall
and up to 50 % locally. These results indicate to us that unlike what is
commonly done today, in the future it could (and should) become
routine to include poro-elastic effects in the inversion of geodetic data.
Otherwise, an incorrect interpretation of the behavior of the seismic
source would be obtained.

Even in volcanic environments, the thermo-poro-elastic theory can
find ample space for application in the future. One of the most current
scenarios in which the theory can be applied is the Caldera of the Campi
Flegrei in Italy. The scientific literature is strongly divided on the

Table 1
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interpretation of the bradyseism (deformation) phenomenon that has
been affecting the area in recent years (Bonafede et al., 2022). End-
member processes for the interpretation of the phenomenon are the
rise of superficial magma or to thermo-poro-elastic effects induced by
the shallow hydrothermal system. Probably, the correct interpretation
must consider a superposition of magmatic and hydrothermal effects (De
Siena et al., 2024; Nespoli et al., 2023b), but only by clarifying this point
will it be possible to fully understand the state of the volcanic system and
reach a correct geohazard assessment. For this reason, future studies in
the volcanological field can greatly benefit from thermo-poro-elastic
models. One of the possible advances in the volcanological field could
consist in the development of hydrothermal system models that account
for 3D geometries to explain the observed variations in the deformation
field and fluid seepage on a small spatial scale. A three-dimensional
representation of the hydrothermal system would also allow for more
accurate modeling of the heterogeneous distributions of seismicity. The
application and the development of more sophisticated fluid propaga-
tion models which account for different fluid species and phase changes
can also improve the understanding of the functioning of a hydrothermal
system. Moreover, in volcanic zones models can be complicated by the
fact that due to the high temperatures, fluids can be in the supercritical
state with different densities and viscosities compared to both liquid and
gas phases. A further improvement of the poro-elastic and thermo-poro-
elastic theories, especially in volcanic and geothermal environments,
can be made by including the visco-elastic rheology (Acocella, 2021) of
the solid matrix to obtain a thermo-poro-viscoelastic medium. This
generalization can be important in cases of high temperatures and/or
high pore pressure promoting thermally activated creep (Goetze and
Evans, 1979) and pressure-solution creep, respectively (Gratier et al.,
2013). A thermo-poro-viscoelastic medium can be represented starting
from the thermo-poro-elastic solutions by using the correspondence
principle (Fung, 1965) as done, for example, by Nespoli et al. (2023a).

The fields of application of the poro-elastic theory do not end with
those presented in Sections 3 to 6 but find space in numerous geo-
mechanical and geotechnical applications (see Wang, 2000). For
example, poro-elasticity is also used to study the mechanical response to
rainfall in aquifers that host the meteoric water (e.g. Alghamdi et al.,
2020; Nespoli et al., 2021b; Woodman et al., 2019). Generally, the
models illustrated in the present paper can find applications even in
geodesy, studying crustal deformations caused by hydrological

Overview of models, theories, code packages and applications related to poros-medium mechanisms.

Physical Key Features Equations Available Code Packages Computing Accuracy Potential/Successful Applications
Mechanism Complexity
Poros (P) Fluid flow in Darcy's Law HYDROTHERM, TOUGH2, Moderate High Groundwater flow, oil and gas
permeable media (Section 2.1) TOUGH3, MUFITS and COMSOL migration, pore pressure evolution
Poro-Elastic Coupled fluid flow Biot's theory with - POEL (single phase and Moderate High Reservoir-induced seismicity,
(PE) and elastic drained/undrained component of fluid), MODFLOW- hydrocarbon exploitation,
deformation conditions 2005, TOUGH-FLAC, TOUGH3- Hydrology and Environmental
(Section 2.2) FLAC3D, Engineering, co-seismic/post-seismic
- Analytical geodetic seismic effects, fault pressurization
response: PEGRN/PECMP, FEM
- To include chemical reactions:
TOUGHREACT, STOMP-EOR, and
GEM
Thermo-Poro- Thermal effects on Extended Biot's theory - TOUGH2 (no mechanical High Moderate- Geothermal energy extraction,
Elastic (TPE) fluid and matrix with coupled thermal, coupling), ITOUGH2 (inversion), High volcanic deformation, thermal
hydraulic, and TOUGH2-seed, HYDROTHERM subsidence.
mechanical processes (heat transport and multi-phase
(Section 2.3) fluid flow in 3D),
- More advanced: COMSOL,
TOUGH-FLAC, VISAGE, STARS
Thermo-Poro- Application in Comprehensive coupling Analytical High Moderate- High temperatures and/or high pore
Viscoelastic highly dynamic and of thermal, hydraulic, High pressure promoting thermally
(TPVE)"! thermally active mechanical, and visco- activated creep and pressure solution

environments

elastic rheology

creep; Complex geothermal systems,
advanced earthquake research,

! Not a focus of this paper.
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Table 2

List of key articles employing different modeling approaches. P = porous, PE =
Poro-Elastic; TPE = Thermo-Poro-Elastic; VE = Visco-Elastic; TPVE = Thermo-
Poro-ViscoElastic; Var = variable permeability and/or porosity. *SUTRA,
Saturated-Unsaturated TRAnsport; (Voss and Provost, 2002). **(MSC, 2015).
***QGS (Benisch et al.,, 2020), ****ABAQUS, https://www.3ds.com/prod
ucts/simulia/abaqus.

Article Zone Model Medium
Resources exploitation
Geothermal
Catalli et al., EGS of Basel, COMSOL + P
2016 Switzerland stochastic model
Rinaldi and EGS of Basel, TOUGH2 + P + Var
Nespoli, 2017 Switzerland stochastic model
Liu et al., 2020 Guide basin, China. TOUGH2 P
Yuono and Daud, Flores Island, Indonesia TOUGH2 and P
2020 ITOUGH2
Zeng et al., 2013 Desert Peak, Nevada, TOUGH2-EOS1 P
USA
Gischig and EGS of Basel, COMSOL-+ P 4 Var
Wiemer, 2013 Switzerland stochastic model
Ritz et al., 2020 Different scenarios TOUGH2 + P + Var
stochastic model
Zbinden et al., St. Gallen Deep TOUGH2 + P + Var
2020a Geothermal Project stochastic model
(Switzerland)
Geertsma, 1973 Different scenarios Analytical PE
Rudnicki, 1999 Theoretical scenarios Analytical TPE
Segall, 1992 Lacq gas field, France Analytical PE
Guido et al., Lacq, France; Analytical PE
2015 Lombardia, Italy
Segall, 1989 Different scenarios Analytical PE
Segall and Geysers steam field, Analytical TPE
Fitzgerald, 1998 California, USA
Segall and Lu, Theoretical scenarios Analytical PE
2015
Deng et al., 2020 Western Texas, USA POEL and PE
MODFLOW
Silverii et al., Southern Europe - POEL PE
2021 Confidential
Yu et al., 2019 Montney Basin, British POEL PE
Columbia
0Oil/Gas injection and production
Rinaldi et al., In Salah, Algeria TOUGH-FLAC TPE
2017
Rinaldi and In Salah, Algeria TOUGH-FLAC TPE
Rutqvist, 2013
Rinaldi et al., Theoretical scenarios TOUGH-FLAC TPE
2014
Vilarrasa et al., In Salah, Algeria TOUGH-FLAC TPE
2017
Zbinden et al., Different scenarios TOUGH-FLAC TPE
2017
Smith et al., Groningen gas reservoir,  Semi-analytical PE
2022 Netherlands
Kutsienyo et al., Farnsworth Unit, Texas, TOUGHREACT, P + Var
2021 USA STOMP-EOR, and
GEM
Dam-reservoirs
Biiyiikakpinar Atatiirk Dam, Turkey Analytical PE
et al., 2021
Ruiz-Barajas Pirris Reservoir (Costa Analytical PE
et al., 2019 Rica)
Brothers et al., Salton Sea (California) Analytical PE
2011
Durd-Gémez and Itoiz Reservoir (Spain) Analytical PE
Talwani, 2010
Ge et al., 2009 Zipingpu Reservoir MODFLOW PE
(China)
Hill et al., 2023 Salton Sea (California) Custom FEM PE
Rinaldi et al., Pertusillo Lake (Italy) Semi-analytical PE
2020
Hua et al., 2013 Longtan reservoir Analytical P

(China)

Seismic faults and fluids
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Article Zone Model Medium

Roeloffs, 1996 Alaska and China Different PE

Deng et al., 2016 Central Alberta, Canada, Custom FEM PE

Peltzer et al., Landers, California, USA  Analytical PE

1998

Ge and Stover, Theoretical scenarios Analytical PE

2000

Jonsson et al., South Iceland seismic Analytical PE

2003 zone

Nespoli et al., Emilia romagna, Italy TOUGH2 P+

2016 Coseismic
PE

Akita and Hokkaido, Japan Elastic solutions by ~ Coseismic

Matsumoto, Okada (1992) PE

2004

Brodsky et al., Grants Pass, Oregon, Analytical P + Var

2003 USA

Geballe et al., Wenchuan, Taiwan Analytical P + Var

2011

Wangetal.,, 2001 Chi-Chi, Taiwan Analytical Var

Marema et al., Moiyabana, Central Analytical P

2023 Botswana

Bosl and Nur, Landers, California, USA Custom numerical PE

2002

Piombo et al., Theoretical scenarios Analytical PE

2005

Nespoli et al., Emilia Romagna, Italy PEGRN/PECMP PE

2018

McCormack Nicoya, Costa Rica Custom FEM PE

et al., 2020

Yang et al., 2022 Illapel, Chile PEGRN/PECMP PE

Hughes et al., Sumatra—Andaman Custom FEM PE

2010

Albano et al., Emilia Romagna, Italy 2D FEM (MSC PE

2017 Marc**)

Peikert et al., Theoretical scenarios 2D FEM PE and VE

2022 (ABAQUS****)

Antonioli et al., Umbria-Marche, Italy Analytical P

2005

Kariche et al., Rif Mountains, Morocco Analytical PE

2018 and southern Alboran

Sea

Kariche and Different zones of Africa  Analytical PE

Meghraoui, 2021

Mandal et al., Bhuj, Gujarat, India Analytical P

2016

Convertito et al., Emilia Romagna, Italy Analytical Var

2013

Miller et al., Umbria-Marche, Italy Analytical P + Var

2004

Sirorattanakul Westmorland, California Analytical P

et al., 2022

Volcanic regions and TPE inclusions

Flovenz et al. Fagradalsfjall (Iceland) POEL PE

(2022)

Zencher et al., South Iceland seismic Analytical TPE

2006 zone

Currenti and Vulcano Island, Italy TOUGH2 + TPE

Napoli, 2017 COMSOL

Chiodini et al., Campi Flegrei, Italy TOUGH2 P

2003

Todesco et al., Campi Flegrei, Italy TOUGH2 P

2003

Todesco and Campi Flegrei, Italy TOUGH2 P

Berrino, 2005

Rinaldi et al., Campi Flegrei, Italy TOUGH2 + TPE

2010 Analytical

Todesco et al., Poas volcano (Costa TOUGH2 P

2015 Rica)

Hsieh and Kilauea Volcano, Hawai'i HYDROTHERM P

Ingebritsen,

2019

Reynolds et al., Bardarbunga- HYDROTHERM P

2017 Holuhraun, Iceland and COMSOL

(continued on next page)
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Table 2 (continued)

Article Zone Model Medium
Hurwitz et al., Campi Flegrei, Italy and TOUGH2-BIOT2 TPE
2007 Long Valley caldera,

California, USA
Coco et al., 2016 Campi Flegrei, Italy TOUGH2 + Finite TPE

difference

Belardinelli Theoretical scenario Analytical TPE
et al., 2019
Belardinelli Theoretical scenario Analytical TPE
et al., 2022
Mantiloni et al., Campi Flegrei, Italy Semi-Analytical TPE
2020
Nespoli et al., Campi Flegrei, Italy Custom numerical TPE
2021b
Nespoli et al., Campi Flegrei, Italy EFGRN/EFCMP TPE
2022
Nespoli et al., Campi Flegrei, Italy Analytical TPVE
2023a
Nespoli et al., Campi Flegrei, Italy EFGRN/EFCMP TPE
2023b
Stissi et al., 2023 Vulcano Island, Italy Semi-Analytical TPE

Table 3

List of parameters with their units of measure.

Symbol Variable/parameter name Unit of measure
p Pore-pressure change Pa

L Cylinder length m

A Cylinder areal section m?

Q Volume of fluids crossing section A m%/s

q Darcy velocity m/s

k Permeability m?

n Fluid viscosity Pas

P Reference density of the fluid kg/m*

g Gravitational acceleration m/s?

t Time s

Qs Source or sink 1/s

e Strain -

Tij Stress Pa

v Poisson ratio -

vy Undrained Poisson ratio -

B Skempton's coefficient -

u Rigidity Pa

Am Mass content change/unit of volume kg/m*®
P, Confining pressure Pa

1/H Poro-elastic expansion coefficient 1/Pa

K Drained incompressibility Pa

K’ Incompressibility of solid Pa

a Biot-Willis coefficient -

T Temperature change °C

D Hydraulic diffusivity m%/s

a Thermal expansion of solid K!

Ps Density of solid kg/m®
Cs Specific heat of solid J/ (kg K)
cr Specific heat of fluid J / (kg K)
As Thermal conductivity of solid J /(m K)
A Thermal conductivity of fluid J /(m K)
f Friction coefficient -

f Effective friction coefficient -

CFS Coulomb failure stress Pa

Ds Pore-pressure change at the surface Pa

7 Loading efficiency -

h Water level height m

eo TPE inclusion potency -

Gix Green's tensor m/N

Re Reynold number -

v Seepage velocity m/s

r Characteristic dimension of grains m

processes (D'Agostino et al., 2018; Pintori et al., 2021; Rossi et al.,
2021). Strainmeters located near aquifers may record poro-elastic
deformation which is in phase opposition with respect to the expected
elastic deformation (Mandler et al., 2024; Segall et al., 2003). A future
development of poro-elastic theory and models would also benefit these
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different applications which are very useful for the safe and sustainable
development of society.

7.2. Limitations of the poro-elasticity due to non-linearities

The formulation of the Darcy (1856) law for permeable media fol-
lowed by the poro-elastic theory of Biot (1941) and the thermo-poro-
elastic theory of McTigue (1986) allow us to simplify the description
of crustal fluid by macroscopic observations of processes that can occur
at microscopic scales, within the pores of the rocks. Despite that, even
the linear thermo-poro-elastic theory requires at least twelve parameters
to describe the coupling between the rock matrix and fluids (Belardinelli
et al., 2022). In some cases, however, it is necessary to introduce even
more complex behaviors involving non-linear fluid-rock interaction
(Bociu and Webster, 2021; Cao et al., 2013; Prévost, 1982, 1980; Segall,
2010; Viswanathan et al., 2022) as could occur in presence of perme-
ability variation, fracture jacking and hydraulic fracturing. In the latter
case the pore-pressure can be as high to overcome the tensile strength of
the rocks leading to tensile fractures which increases the permeability of
the medium. Moreover, non-linear behaviors can become important to
some applications of geotechnical engineering (and also to biology)
where the small deformation approximation is no longer acceptable.
Other non-linear behaviors of poro-elastic materials can arise when the
porosity and permeability of the medium depend on the divergence of
the displacement, or dilation (Van Duijn and Mikeli¢, 2023).

Darcy's law provides an approximate description of fluid flow in
porous media and is applicable only within a limited range of low ve-
locities which depend on grain sizes. Experiments show that fluid flow
can deviate from Darcy's law due to turbulent flows and inertial effects
(Zeng and Grigg, 2006). One of the criteria that has been used to
discriminate the transition between Darcy and non-Darcy flow is based
on the Reynold's number (i.e the ratio of inertia force to viscous force of
the fluid flowing in the porous medium), which is commonly used to
estimate the transition between laminar and turbulent regime of a
Newtonian fluid inside a cylindrical conduit. It can be expressed as Re =
psrv/n where r is a characteristic dimension of the grains and v is the real
flow velocity. If the Reynolds number is greater than the critical value,
which according to various studies is approximately between 0.1 and
100 (Zeng and Grigg, 2006), the fluid flow will be affected by high-speed
nonlinearities.

7.3. Open problems asking for the development of more complex models

Developments of more complex models are required in a wide
number of applications:

e Many real-world problems involve multiple coupled physical pro-
cesses. For example, in geothermal reservoirs, (thermo-) poro-
elasticity must be coupled with heat transport, chemical reactions,
and multiphase flow. Thus, further development of multiphysics
frameworks to incorporate thermal, chemical and electromagnetic
(Markov et al., 2022) effects into poro-elastic models will certainly
be important.

Most existing poro-elastic models assume isotropy and homogeneity
of the medium. However, many materials, such as composite mate-
rials and shale, exhibit anisotropic behavior (spatial heterogeneity),
so the development of poro-elastic models that account for anisot-
ropy in both the solid matrix and the fluid flow properties could be an
important development of the theory (Carcione et al., 2011). The
computational cost, especially for nonlinear, multiscale, or multi-
physics problems, can be prohibitive and the development of more
efficient numerical methods and the integration with machine
learning and data-driven approaches can be important to improve
the poro-elastic model predictions (Vasilyeva and Tyrylgin, 2021).



M. Nespoli et al.

e Another line of the research should investigate further the role of
poro-elasticity in the seismic cycle, as this is crucial for under-
standing earthquake mechanics and fault dynamics. Despite signifi-
cant advancements, the precise mechanisms by which fluid pressure
changes can trigger earthquakes remain not fully understood. As we
have seen in the previous paragraphs variations in pore pressure can
weaken fault strength, potentially leading to slip events. Under some
assumptions it is possible to give an approximate representation of
such processes but quantifying this effect remains a contemporary
challenge (Dal Zilio et al., 2022)

In any case, the level of complexity of modeling crustal fluids can be
very high, and one of the most intriguing challenges of geophysical
research consists in finding the simplest model that can already repre-
sent the problem of interest, in terms of the basic physics regulating a
certain phenomenon. Even if the capabilities of computers have greatly
increased in recent decades, thus allowing for great improvements of the
models, the introduction of too many complexities are not always
necessary to explain the available data, and the risk of over-interpreting
the modeling results is high. Moreover, a model that requires the defi-
nition of many parameters could be under-determined and may lead to a
misinterpretation of the results. For this reason, it is important to
continue developing both analytical and numerical models in the cur-
rent state of research. On the one hand the analytical approaches which
allow solutions in closed form (despite physical and mathematical
simplifications) have a very important role in testing and validating
more complex numerical models. On the other hand, numerical ap-
proaches allow us to study problems which are too complex to be solved
analytically. Surely, the continuous evolution and comparison between
analytical and numerical models is an effective approach to continue
research in this topic.
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