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ARTICLE INFO ABSTRACT

The influence of the hydrothermal circulation on seismicity and uplift observed at the Campi Flegrei caldera
(Italy) is a topic of great interest to the scientific community. Recently, Thermo-Poro-Elastic (TPE) inclusions
were proposed as likely deformation sources. They are suitable to explain the mechanical effects induced by hot
and pressurized hydrothermal fluids, possibly exsolved from underlying magma, and pervading an overlying
brittle layer. Recent works show that a TPE inclusion located at approximately 2 km depth below the Campi
Hydrothermal fluids Flegrei caldera significantly contributed to the large and rapid soil uplift observed during the ‘82-’84 unrest
Caldera phase. In the present work we demonstrate that such a source of deformation is likely playing a role even in the
Uplift current unrest phase, which is characterized by a much lower uplift-rate with respect to the one occurred in the
Induced seismicity previous unrest phase. We will show that the time-series of soil uplift observed in the last 18 years can be
Deformation source reproduced by assuming the reactivation of the same deformation source responsible of the ‘82-’84 unrest

located within a shallow brittle layer at about 2 km depth. The presence of a brittle layer has been evidenced in

the past by tomographic studies and is confirmed by a sharp variation of the b-value at the corresponding depth.

We believe that our results provide very important insights and evidences, supporting the existence and the

importance of an active thermo-poro-elastic deformation source, which can be useful for understanding the
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unrest of the Campi Flegrei caldera, from both a scientific and geohazard perspective.

1. Introduction

The Campi Flegrei caldera (Fig. 1) is located west of the city of
Naples (Italy). This area experiences volcanic activity since at least
47,000 years ago (De Vivo, 2006). The two major eruptive episodes
occurred about 39,000 and 14,900 years BP,while the last eruption
occurred in 1538 AD. From the middle of the last century the caldera has
experienced several episodes of uplift and subsidence (e.g. Di Vito et al.,
1999). The area is also characterized by shallow seismicity (Tramelli
et al., 2022), which is generally low in magnitude (few events up to Md
= 4.0). Two important unrest phases occurred in 1969-1972 and
1982-1984. During the 1982-1984 bradyseismic crisis, the maximum
measured uplift was of almost 1.8 m and it was accompanied by
>16,000 earthquakes. After 1984, the caldera experienced a 20 years
long phase of subsidence occasionally interrupted by small and short
uplift episodes. In 2000 the uplift rate slightly reversed and in 2005 a
new uplift phase clearly began (Bevilacqua et al., 2022). Since 2000,
also the seismicity rate increased with time, especially onshore below
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the area of the Solfatara crater.

According to the literature, the uplift episodes can be partly due to
the fluid flow of the shallow hydrothermal system and partly to the
magma emplacement and movement (Berrino, 1994; Battaglia et al.,
2006; Chiodini et al., 2021, 2015; Mantiloni et al., 2020; Nespoli et al.,
2021; Todesco, 2021; Trasatti et al., 2011). Even if the presence of
significant magmatic bodies in the shallowest 2 km of depth was
excluded by the seismic tomographies (Judenherc and Zollo, 2004) and
by analysis of deep drilling geophysical data (Carlino et al., 2012). For
example, the uplift observed during the ‘82-’84 unrest phase was effi-
ciently modelled with both a magma filled dislocation source located at
4.5 km depth (Trasatti et al., 2011) and a sill intrusion at about 3 km
depth (D’ Auria et al., 2015). Amoruso et al. (2007) showed that even the
deformation observed during the 2004-2006 period can be satisfactory
explained adopting a horizontal circular crack located at 3.5 km of
depth, with a radius of 2.5 km. However, hydrothermal deformation
sources can be considered as well. For example, De Natale et al. (2001)
suggested that, during the ‘82-’84 unrest period, the fluid flow caused by
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an increase of pressure and/or temperature at depth, had significant role
in inducing ground movements in the Campi Felgrei caldera. Bianco
et al. (2004) found that even the seismic swarm occurred in 2000 was
associated to the rising of a pressure front triggered by an excess of fluid
pressure released by a magmatic intrusion.

According to Tramelli et al. (2022) the space-time evolution of recent
seismic swarms is well explained by fluid injection from a deeper magma
source. This evidences an analogy with the 1982-84 crises when, ac-
cording to Thermo-Poro-Elastic (TPE) models (e.g. Mantiloni et al.,
2020; Nespoli et al., 2021), the seismicity was induced by the defor-
mation (and stress) due to the TPE response of a shallow volume (in-
clusion) filled up by hot and pressurized fluids released from a deeper
magma reservoir. The existence of such a volume was evidenced by
tomographic studies (e.g. Calo and Tramelli, 2018) performed using the
earthquakes recorded during the 1982-84 crises. The geometry and
location of the TPE source was retrieved by Nespoli et al. (2021) by
inverting the deformation data measured during the 1982-1984 unrest
phase, considering a layered crustal model. According to their results,
the TPE source is traceable as a flat cylinder (width = 500 m, radius =
2550 m) located at 1875 m of depth (Fig. 1). While such a source of
deformation was successfully applied to model the 1982-1984 unrest, to
date, it has not yet been applied to the most recent seismicity and
deformation.

The focus of the present work is therefore to investigate if, and how
much, the recent deformation and seismicity of Campi Flegrei can be
explained by reactivation of the same source of deformation employed
by Mantiloni et al. (2020) and Nespoli et al. (2021) to model the
1982-1984 unrest. This assumption is consistent with a scenario in
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which the TPE source acts as a valve, which episodically allows or
prevents the rising of hot and pressurized fluids exsolved from a deeper
magma chamber (Calo and Tramelli, 2018; Lima et al., 2021; Nespoli
et al., 2021). The 1982-84 and the currently ongoing unrests may
represent stages during which rising of fluids is allowed, while the
period 1984-2005 can be interpreted as a phase of much more reduced
fluid flow. While previous works used the TPE inclusions to model a
static deformation pattern, in the present work we will show, for the first
time, how to model transient deformation patterns.

In the next section we analyse the b-value of the recent seismic
catalog (from 2000 to the middle of 2022). We find a sharp decrease
below = 1.5 km of depth (Fig. 2), where the TPE source is expected to be
located according to Nespoli et al. (2021). A strong reduction of the b-
value with depth was already found by Vilardo et al. (1991) who ana-
lysed the seismic catalog of earthquakes occurred in the 1983-1984
period. This evidence supports the hypothesis that there may be
different failure conditions at different depths in the Campi Flegrei
caldera, as we shall argue in the discussion section.

2. Material and methods
2.1. Analysis of the b-value

The b-value describes the frequency-magnitude distribution of
earthquakes, with values that are around unity. Seismological observa-
tions and laboratory experiments inferred that the b-value varies with
differential stress, faulting style mechanisms, earthquake depth, plate
tectonics and temperature (e.g. Wyss et al., 1997; Wiemer and Wyss,
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Fig. 1. Relocated hypocenters (points) of earthquakes occurred between 2000 and 2022 at Campi Flegrei in map (a) and vertical sections (b, c). The size of the circles
is proportional to the magnitude of the earthquakes. The black square indicates the location of the RITE CGNSS station. The green lines indicate the boundaries of the
TPE inclusion, as retrieved by Nespoli et al. (2021) from the inversion of geodetic data measured during the period June 1980-June 1983 (width = 500 m, radius =
2550 m, depth 1875). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Computed b-value as a function of depth. The green lines indicate the
location of the top and the bottom boundaries of the TPE inclusion, as retrieved
by Nespoli et al. (2021). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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2002; Schorlemmer et al., 2005). Moreover, according to the fractal
theories of seismicity (e.g. Turcotte, 1989) greater b-values are associ-
ated to a statistical distribution of characteristic faults dominated by
smaller geometrical dimensions (i.e. to a more intense fragmentation of
the focal volume).

We analysed the b-value variations with depth to evidence any
anomaly that can be related to temperature, rheological or stress het-
erogeneities. For this analysis we considered the 2000-2022 Campi
Flegrei seismic catalog compiled by INGV-Osservatorio Vesuviano and
relocated employing the 3D velocity model of D’ Auria et al. (2008). We
used a completeness magnitude (the magnitude above which each
earthquake is present in the catalog) of 0.4 (the more conservative value
found by Tramelli et al., 2021). For each depth interval, we considered
the closest 150 earthquakes and estimated the b-value using the
maximum likelihood method (Aki, 1965). The uncertainty is estimated
using the Shi and Bolt (1982) formula. The number of earthquakes (1332
with Md > 0.4 since 2005) and their location (most of them are located
in a small volume below Solfatara/Pisciarelli; see Fig. 1) don’t allow to
perform a 3D spatial analysis of the b-value.

In Fig. 2 we report the obtained results. The b-value of Campi Flegrei
decreases with increasing depth from 1.3 to 0.9. A sharp variation of the
b-value is clearly visible from about 1.5 km to about 2 km depth.

2.2. The TPE model

We model the time series uplift measured at the RITE CGNSS station
(Fig. 4a and 5) during the time interval 2000-2022 (De Martino et al.,
2021) in terms of evolving temperature and pore-pressure inside the TPE
inclusion. RITE station (Fig. 1) is located near the centre of the caldera
where the maximum uplift is measured. At the Campi Flegrei caldera the
geometrical pattern of the normalized displacement field is nearly
constant over time (e.g. Vitale and Natale, 2023), so that the RITE sta-
tion time history actually constrains the whole deformation pattern
(Fig. 3).

Both displacement and stress due to a TPE inclusion linearly depend
on the potency ey (Belardinelli et al., 2019; Nespoli et al., 2021):
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Fig. 3. Normalized displacement as a function of the distance from the defor-
mation centre, measured during different uplift episodes occurred in the Campi
Flegrei Caldera, (a) Data of vertical displacements obtained with levelling
(Amoruso et al., 2014) during the period 1980-1983 (red points), with GPS
during the 2000-2019 period (black circles) and during 6 different uplift epi-
sodes occurred since 1915 (gray area). (b) Data of horizontal displacements
obtained with electromagnetic distance measurement (EDM) (Amoruso et al.,
2014) during the period 1980-1983 (red points) and with GPS (De Martino
et al.,, 2021) during the 2000-2019 period (black circles). The blue curves
represent the displacement computed with the TPE inclusion considered in the
present work. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

e =3p+ T o)
which, in turn, linearly depends on changes of temperature T and pore
pressure p, with respect to an initial reference state. In eq. (1) H is a
poroelastic parameter as introduced by Biot (1941) and a; is the thermal
expansion coefficient of the solid matrix of the poroelastic medium.

The displacement field produced by T and p changes can be
computed following the Eshelby (1957) inclusion method. Briefly, this
method consists in:

- ideally extracting the volume destined to experience T and p changes
(the inclusion) from the embedding medium (kept in equilibrium by
applying suitable artificial tractions Tl(jA) over the resulting cavity
surface S); by definition, the embedding medium remains at constant
temperature and pressure.

- heating and pressurizing the inclusion under free-boundary condi-
tions; the inclusion suffers an isotropic “free strain” eg &;

- straining the inclusion to the initial volume by applying artificial
tractions Tl(jB) over the surface of the inclusion;
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- inserting the inclusion back inside the embedding medium: a traction
discontinuity is now present on S;

- finally, the displacement is computed at any point of the medium by
applying an opposite traction discontinuity on S (e.g. Aki and
Richards, 2002) in order to restore traction continuity.

For a given potency ey, the displacement field in x is then given by:

u;(x) = 3Key /GM (x,x )i (x)dS 2)
s

where Gj (%, X’) is the elastic Green’s tensor for a half-space (repre-
senting the displacement in x due to a unitary force located in x’), K the
drained isothermal bulk modulus and S the surface embedding the
inclusion.

The equations for the vertical propagation of pore-pressure and
temperature inside a disk-shaped TPE inclusion, due to the input of
fluids inducing changes of Ap and AT at the base of the inclusion (z = 0),
were obtained by Nespoli et al. (2021) and Belardinelli et al. (2022).
Considering a fluid phase (subscript f) moving within a solid matrix 0 <
2z < b (subscript s) represented with TPE parameters reported in Table 1,
the approximate solution for temperature can be obtained by imposing
the energy balance of the system (Bejan, 1984) and neglecting heat
conduction compared with advection processes (Nespoli et al., 2021):

T(z,t) = AT[1 —0(z — V1) ] 3
where O(x) is the Heaviside step function (@(x) =0ifx <0, 0(x) =1 ifx

> 0), z denotes the vertical coordinate and V7 is the speed of the tem-
perature front

Prcr

Vi=—————— ()]
"o+ (1=t
which depends on the Darcy’s velocity in vectorial form:
k
q=—Vp 5)
n

In the egs. (4) and (5) p is the density, c is the specific heat, ¢ is the
porosity, k is the permeability and # is the fluid viscosity.

Solution (3) for the temperature is obtained by neglecting conduc-
tion and using for the pressure (which governs the advective process) a
preliminary solution p®(z) = Ap(1-2/b), with constant gradient which
ignores the interaction between p and T within the inclusion 0 < z < b.
The quasi-static solution for the pore-pressure computed between the
base (z = 0) and the top (z = b) of the inclusion can be obtained imposing
the fluid mass conservation and the compatibility equations (McTigue,

Table 1

Thermo-Poro-Elastic parameters of egs. 3 and 6. Subscripts s and f refer to the
solid and fluid phase, respectively. The parameters represent a quite competent
and porous material (Table 1, Wang, 2017) permeated by a water substance.

Symbol Parameter Unit of measure Value

s Density of solid Kg/m* 2650

or Density of fluid Kg/m® 1000

2] Porosity - 0.2

Cs Specific heat of solid J/(kg - K) 1000

cr Specific heat of fluid J/(kg - K) 4200

B Skempton parameter - 0.62

as Thermal expansion of solid 1/K 3.10 °
as Thermal expansion of fluid 1/K 5.10 *

" Shear modulus Pa 6-10°

vy Undrained Poisson’s ratio - 0.2

n Fluid viscosity Pas 1-10°3

H Poro-elastic parameter Pa 1.01-10%
kci Permeability of C1 m? 1.9.10 12
ks Permeability of C2 m? 19.10 71
kcs Permeability of C3 m? 1.9-10 14
kca Permeability of C4 m? 1.9-10 1®
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1986) and can be computed following Nespoli et al. (2021) and Belar-
dinelli et al. (2022) assuming the solution (3) for T as:

o= Ap (1 - %) + rz(l _ vré) if0 <2< Vit .
(dp+ Vi) (1-3)ifvar <z <b,

where
= (r + 7)) VrAT
D
4 (I4+wv,)
= —uBa,
71 9.” Q, (1 — I/“)

2 1—v)(1 +v,)
72 :5HBZ</)(%—%)%
with

_kp 2B (141, (1 —v)

D= S0 = =)

u is the rigidity, B is the Skempton’s coefficient, a is the thermal
expansion, vy is the undrained Poisson’s ratio. D is the hydraulic diffu-
sivity. The procedure might be iterated to find a new solution for T that
employs the solution (6) for p to describe thermal advection; however,
for realistic values of AT (<10° K) the two different gradients of p in (6),
before and after z = Vqt do not differ appreciably from each other so that
(3) is assumed a reasonable approximation of the exact solution. We
stress that the material embedding the inclusion is assumed elastic,
endowed with the same free-drainage elastic constants as the inclusion.
In principle, the embedding medium is not affected by p and T changes
because these changes by definition, take place inside the inclusion,
whose volume is not necessarily fixed “a priori”. However, for simplicity
sake, the pressure solution (6) is obtained assuming a fixed dimension
for the inclusion and, as a consequence, even the solution (3) for T de-
pends from this assumption since the T front is not fixed, but advances
with velocity Vr which depends on p. A fixed inclusion dimension may
be justified envisaging a scenario in which the medium overlying the
inclusion is endowed with high permeability and is affected by enhanced
meteoric flows able to maintain nearly constant T and p.

The provided solutions are reliable to model the effects of hot and
pressurized fluids rising from the bottom of the TPE region toward the
surface, under the simplified assumptions of pure vertical propagation of
fluids in isothermal and hydrostatic initial conditions and constant high
permeability. The assumption of high permeability is consistent with a
fractured medium, as it is expected to be in the interior of the TPE in-
clusion. Such an assumption allows neglecting the heat conduction
occurring across the lateral boundaries of the TPE inclusion where only
conductive heat transfer may apply, which is negligible compared to
vertical advective transfer (Nespoli et al., 2021; Belardinelli et al.,
2022). The solution for the T profile (3), represents the effects of a
thermal front rising from the bottom of the inclusion with a constant
velocity V7. As Vp depends on the Darcy’s velocity (5), larger pore
pressure gradients lead to faster thermal fronts and vice-versa. The p
profile (6) consists in two rectilinear segments, with uniform gradients,
which slowly vary with time. The two segments match to each other
continuously at the depth of the rising thermal front z = Vyt. Unless in
case of a low permeability, such a configuration for pore-pressure is
reached very quickly with respect to the time required by the thermal
front to rise upward (Belardinelli et al., 2022).

Differently from previous applications of TPE inclusions, which as-
sume a static deformation pattern, we want to find a procedure to model
the variations of displacement and seismicity over time. To model
transient mechanical effects due to the fluid propagation inside the in-
clusion according to (3) and (6), a TPE inclusion (Fig. 1) with the same
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geometry as the one retrieved by Nespoli et al. (2021) was represented
by a vertical superposition of 100 disk-like slices (e.g. Benussi et al.,
2023). We first evaluate the effect of each slice on both deformation and
stress field assuming a unitary TPE potency, ey, inside it. Following this
procedure, we can compute a sort of Green’s functions for each slice of
the TPE inclusion. By summing the effects of the slides located at z
multiplied by e (eq. 1) with p(z,t) and T(z,t), according to (3) and (6),
we can model the effects of the vertical distribution of pressure and
temperature for a given time t after the beginning of the exsolution of
fluids inside the inclusion. Both deformation and stress were computed
with the EFGRN/EFCMP software (Nespoli et al., 2022) which allows us
to compute the mechanical effects of a TPE inclusion with an arbitrary
shape. This can be done by representing the inclusion with a distribution
of single forces acting normally on its surface (Nespoli et al., 2022),
according to (2). To keep coherence between the several parameters
describing the solid and fluid phase, we assume uniform parameters for
all slices, as reported in Table 1. A direct estimate of all the poro-elastic
parameters that characterize the study area is not available. However,
the used parameters are suitable to represent a quite competent and
porous material (Table 1, Wang, 2017) permeated by a water substance
and are consistent with previous studies (e.g. Belardinelli et al., 2022;
Nespoli et al., 2021). The used permeability values are compatible with
the range measured by Heap et al. (2014) in the study area. The
assumption of a water substance for fluids is an approximation which is
in agreement with the 3D model of the electrical resistivity by Troiano
et al. (2022) who suggested the influx of hot fluids of magmatic origin,
prevalently in the liquid phase, at about 2 km of depth, which corre-
sponds to the depth of the bottom of the TPE inclusion.

In order to model the knee point of the time series of the uplift
measured at the RITE station in ~2012 (Fig. 4a), we assumed that the
pore pressure of the fluids at the base of the TPE source changed
abruptly between 2011 and 2012 and at the beginning of 2020 (Ap =
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Ap; for t < 06/2011; Ap = Apz for 06/2011 <t < 01/2020 and Ap = Apz
for t > 01/2020). The three different Ap values allow us to represent a
piecewise-constant function describing the evolution of increasing pore-
pressure at the base of the inclusion. In this way we can reproduce the
increase over time of the uplift rate as due to the arrival of three different
plumes of fluids. Instead, the temperature of fluids at the base of the TPE
inclusion is assumed constant since it is controlled by thermal conditions
of the underlying region. The increment in the fumarolic CO/CO; ratio
with time reported by Chiodini et al. (2015) and Tramelli et al. (2021)
also suggested an ongoing heating and pressurization due to the fluids
rising in the same periods. Such a scenario seems reasonable because the
time series of the uplift measured at Campi Flegrei during the considered
time-windows can be well approximated with two linear trends, before
and after the middle of 2011 (Tramelli et al., 2021) and a third one after
2020 (Fig. 4a).

3. Simulations and results

In order to study the effects of fluid injection into the TPE inclusion,
we consider 4 different cases (C1 to C4). All cases represent an injection
of hot and pressurized fluids, considering four different permeability
values (C1 to C4: kg1 = 1.9-107'2 m?, kg = 1.9-107"% m?, kgs =
1.9-10 ' m?, kgy = 1.9-107 15 m?). The parametric study of permeability
values is recommended since reasonable values of rock permeability
span over several orders of magnitude (e.g. Wang, 2017). For each case,
we found the best temperature (AT) and pore-pressure changes (Ap1, Apa
and Aps) describing the boundary condition for p at the base of the in-
clusion in terms of a step-wise increasing function of time, which allow
us to reproduce the time series of vertical displacement measured at the
RITE CGNSS station. The search for the best fit parameters were per-
formed using a Monte-Carlo sampling with a direct parameter search.
The best parameters are then chosen as the ones having the greater
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T T T
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Fig. 4. (a) Uplift measured (black curve) at the RITE CGNSS station (De Martino et al., 2021) and modelled in the 3 different cases C1 to C3. Blue vertical lines
indicate the 06/2011 and 01/2020 times. Panels b-d show the maximum shear stress induced by the TPE inclusion, below the RITE station, as a function of time and
depth, for the 3 different cases. Red points represent hypocenter locations. Green circles represent the hypocenters of M > 2 events. Magenta lines show the top and
bottom boundaries of the TPE inclusion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Probability Density Distribution, PPD (e.g. Sambridge, 1999). For the
resulting values of pore-pressure and temperature changes at the base of
the inclusion (see Fig. 5 for cases C1-3), egs. (3) and (6) provide an
almost constant uplift rate in cases C1-3 (Fig. 4a).

According to (1), both changes in temperature AT and pore-pressure
Ap influence the magnitude of the displacement, even if the effects of the
latter are smaller for reasonable values of parameters H and ay (Belar-
dinelli et al., 2022; Wang, 2017). This means that, at a given time, the
magnitude of the uplift induced by the TPE inclusion is mainly influ-
enced by the temperature changes. Nevertheless, we recall that pore-
pressure changes are still very important, because they act on the up-
lift rate, making the ascent of the advective thermal front slower or
faster. The resulting uplift rates are similar in all cases (Fig. 4), indi-
cating that, regardless of the permeability value, there is always a
combination of Ap and AT (Fig. 5) which is able to reproduce the
recorded uplift as a function of time with the same accuracy. This is also
due to the fact that there is a crosstalk between the pore-pressure values
and the permeability values, according to (5). However, this does not
mean that all the results are reasonable. The C4 case, with the lowest
permeability, leads to very high Aps (>50 MPa) and AT (>1000 K)

Qo
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therefore we discarded it, for the reasons that will be given in the next
section.

The maximum shear stress, in all cases, is significant (from 10° to
107 Pa) and is characterized by a progressive increment over time, both
within and outside the inclusion (Figs. 3b and d). The progressive
increment of the maximum shear stress is accompanied by the increment
of seismicity with time. The stress reaches its maximum near the bottom
of the inclusion, below the thermal front. The thermal front is faster for
greater values of permeability (C1). Fig. 6 shows vertical sections of
maximum shear stress obtained in C2 at different times (2006, 2012 and
2021). Most of the shear stress is induced inside, at the bottom of the
TPE inclusion and below the thermal front. A significant shear stress is
also induced near the lateral boundary of the inclusion. The compres-
sional axis of stress is vertical and compatible with extensional envi-
ronments in the whole domain, apart from a thinner layer inside the
inclusion, below the thermal front, where a horizontally compressional
environment is induced. Accordingly, during the entire process, the
number of favoured normal earthquakes is expected to be much larger
than the one of thrust earthquakes.

Simulations parameters
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Fig. 5. (a) Pore pressure and temperature changes estimated for the cases C1, C2 and C3 with different permeabilities (kc, kcz and kes). Ap; (black), Ap, (blue) and
Aps (yellow) are the pore pressure values estimated at the base of the TPE inclusion during the three different time windows. AT is the temperature change estimated
at the base of the TPE inclusion starting from 2005, while ¢, Tc2 and t¢3 are the years in which the temperature front reaches the top of the TPE inclusion. (b) Time
series of Ap estimated for the three different cases C1-3, plotted in a logarithmic scale. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 6. Vertical sections of maximum shear stress (colour) generated by the TPE
inclusion in Case C2 in 2012 (a) and 2022 (b). The black box represents the
inclusion boundaries. In the figure also the zones in which extensional or
compressional environments are favoured by the TPE inclusion are shown. The
light blue lines represent the location of the temperature front which rises to-
ward the top of the inclusion with a speed Vt(t). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

4. Discussion

The b-value anomalies are usually interpreted in terms of material
heterogeneity, effective shear stress and/or temperature variations (e.g.
Wyss et al., 1997; Wiemer and Wyss, 2002; Schorlemmer et al., 2005).
Mapping of b-values reveals the regions, with high b-values, where the
production of small earthquakes statistically differs from the average.
Different studies conducted in volcanic regions (e.g. Murru et al., 2005;
Wyss et al., 2001 and Wiemer and Wyss, 2002) identified areas with an
anomalously high b-value, interpreted as partially melted zones
embedded within a normal crust. The b-value usually decreases with
depth due the increment in the lithostatic pressure. Nevertheless, ther-
mal and/or rheological heterogeneities could result in anomalies of this
trend. A decrease in the b-value with depth during the 1982-84 bradi-
seismic crisis was reported by Vilardo et al. (1991) using the least-square
linear regression to fit the Gutenberg-Richter law in the magnitude
range 1.2-2.9. A decrement is expected due to the increment in the stress
with depth; otherwise in volcanic areas high variations in b are some-
times reported (e.g. Murru et al., 2005). A variation in space of the
b-value was described by D* Auria et al. (2011) who evidenced a very
low value (~0.5) for the earthquakes that occurred offshore in the
1982-84 period. The sharp decrease in the b-value that we evidenced
between 1.5 and 2 km can be associated with the presence of a caprock
where the stress can be accumulated. Most of the recent seismicity at
Campi Flegrei occurs above 2 km where the presence of the hydro-
thermal system likely lubricates the faults and fractures which are dense
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in the area (Tramelli et al., 2022; Selva et al., 2012) and triggers lots of
small magnitude events.

Differently from previous applications of TPE inclusion models,
which provided static deformation patterns, our approach allowed us to
model transient effects of the displacement and seismicity. All the 4
simulations (C1 to C4) presented in the previous section can represent
the time-series of the recent uplift observed in the Caldera of Campi
Flegrei with a good accuracy because there is always a combination of
parameters (Ap and AT) that allows us to fit the curve of uplift. Never-
theless, in cases C1, C2 and C3, the range of admissible parameters is
quite wide as Ap; spans from about 0.05 to 1 MPa, Ap, from 0.2 to 9
MPa, Aps from 0.6 to 20 MPa and AT from 200 to 475 °C (Fig. 5). These
results allow us to assess that TPE effects induced by the inclusion can
easily justify both the magnitude of the displacement and its corre-
sponding uplift rate. The parametric test performed by assuming
different permeability values is necessary, since the range of admissible
permeability values at Campi Flegrei is constrained by in-situ mea-
surements with large uncertainties (Heap et al., 2014; Carlino et al.,
2018). Although our approach does not allow us to identify unique
values of p and T inside the inclusion, it allows us to identify admissible
intervals of their values, which can effectively explain the deformation
observed on the surface. The discussion on the reasonableness of the
intervals found, based on the comparison with independent evidence, is
made in the following paragraph. It is worth to recall that T and p
appearing in (3) and (6) denote changes computed with respect to an
initial reference state. In our case, for the sake of simplicity, we can
assume that before the fluid exsolution, within the TPE inclusion there
was a hydrostatic pore pressure gradient and a uniform temperature.
The initial reference state does not affect simulations as according to (1)
mechanical effects only depend on p and T changes with respect to an
arbitrary reference configuration.

The orders of magnitude AT ~ 102 K and Ap up to 10! MPa can be
realistically assumed at the base of the TPE inclusion (Nespoli et al.,
2021). Indeed, near magma reservoirs, the temperature is generally
greater than typical crustal values and the release of volatiles occurs at
near-lithostatic pressures. Moreover, as the mechanical strength of
basaltic rocks is generally evaluated in the order of 10" MPa (e.g. Heap
etal., 2021), it is reasonable to assume that Ap can be up to this value, in
order to avoid hydrofracture (e.g. Belardinelli et al., 2022). Such values
are also in agreement with geochemical models which indicate that
temperature of geothermal fluids in the shallow hydrothermal system of
the caldera are usually between 150 and 300 °C and the pore-pressure is
up to about 8 MPa (e.g. Carlino et al., 2012; Chiodini et al., 2011, 2021).
Taking into account the condition for CH4 formation, temperatures
larger than 360 °C are expected below 2 km of depth (Caliro et al.,
2007), while the temperature measured at about 3 km of depth during
deep drilling at Campi Flegrei is 420 °C (e.g., de Lorenzo et al., 2001;
Piochi et al., 2021; AGIP, 1987). Moreover, according the numerical
simulations performed by Afanasyev et al. (2015) the fluid mixture
injected from a deep magmatic source at 5 km of depth has a tempera-
ture of ~700 °C. Following these independent evidences, we believe that
both the Ap (>50 MPa) and the AT (>1000 K) achieved by C4 are too
high to realistically describe the recent behaviour of Campi Flegrei.
Moreover, due to the high permeability assumed in the C1 simulation,
the thermal front would have reached the top of the TPE inclusion in
2021 (Fig. 5), without justifying the further ground uplift that is still
occurring. These considerations allow us to infer that the smaller values
of permeability assumed in C2 and C3 are more suitable to explain the
ongoing uplift, suggesting as realistic for permeability the range =~
10714-107!3 m?. These values are consistent with the measures from
boreholes (Piochi et al., 2014; Carlino et al., 2018) and assumed in other
independent models (e.g. Todesco, 2009). We could have other con-
straints on the “heating rate” of the TPE inclusion by observing the
future developments of the current unrest phase.

The maximum shear stress generated inside and outside the inclusion
(Fig. 4) is significant (up to tens of MPa) and all the analysed cases show
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that the TPE inclusion is highly capable of inducing and/or favouring
earthquakes. The largest shear stress is generated at the bottom of the
inclusion, where T is the highest, and it progressively rises in magnitude
during time. Since the shear stress is higher below the temperature front,
which rises inside the inclusion, the simulations also indicate a pro-
gressive increase of the shear stress close to the top of the inclusion. In
any case, the increment in shear stress is accompanied by an increase of
the seismicity rate. Interestingly, the largest earthquakes (M > 2) are
focused on depths compatible with those of the TPE inclusion, where the
model predicts the maximum shear stress (Fig. 4). Furthermore, above
the inclusion, where the induced maximum shear stress is lower, the M
> 2 earthquakes start occurring only after 2022, in agreement with the
fact that our model predicts an increase of shear stress over time, even
outside the inclusion. The direction of compressive stresses induced by
the TPE inclusion, during the exsolution of magmatic fluids is generally
vertical in all the domain, leading to extensional environments (Fig. 6)
with the exception of a narrow volume located inside the inclusion,
below the thermal front. This means that during the simulations mostly
normal faults are favoured in the overall domain. This is in agreement
with the seismicity observed in this recent unrest which is characterized
by normal earthquakes (La Rocca and Galluzzo, 2019). As the simulation
time progresses, thrust earthquakes can also be favoured within a larger
portion of the inclusion. The unrest phase of 1982-1984 was also mainly
characterized by normal fault mechanisms. In such a period, however, a
non-negligible number of thrust earthquakes were also observed (e.g.
D’Auria et al., 2014; Mantiloni et al., 2020; Orsi et al., 1999). It is worth
to notice that the simple geometry assumed to represent the TPE in-
clusion is obviously an approximation (albeit reasonable) of the actual
shape of the deformation source. The focal mechanisms depend also on
the geometry of the inclusion (Nespoli et al., 2021). A cylindrical TPE
inclusion was recently used to model the observed deformation at the
Vulcano Island, Italy, by Stissi et al. (2023).

The difference between the 82-84 unrest and the current one (2005-
today) could be explained by the different speed of the rising thermal
front within the inclusion. In the 82-84 unrest the maximum uplift of
about 1.8 m was achieved in just 2 years with a rate of about 1 m/yr. In
the current phase, the uplift is increasing (Fig. 4) with a much lower rate:
1-2 cm/yr until ~2012; 6-7 cm/yr in the period 2012-2020 and about
18 cm/yr in the period 2020-2022. According to our results, the speed of
the thermal front within the inclusion (V7) is linearly dependent on Ap,
the change of the pore pressure of the hydrothermal fluids at the base of
the TPE inclusion (eq. 4 and 5). We could therefore speculate that the
pore pressures of the exsolved fluids during the unrest phase of ‘82-84
were higher than the ones of the current phase, even if Nespoli et al.
(2021) suggested that a significant fraction of the observed deformation
should be also ascribed to the inflation of the underlying magma
reservoir.

We must clarify that our model hinges on several simplifications.
One of the major simplifications is due to the representation of the fluid.
Even if our equations are based on 12 different parameters for the
description of the fluid-rock interaction, our model neglects the eventual
phase changes that could occur during the migration of fluids within the
inclusion. The latter can enhance or reduce the temperature changes as
due to the release or absorption of latent heat, respectively. Further-
more, our model does not take into account the coupling between pore-
pressure and permeability (e.g. Zencher et al., 2006, Rinaldi and Nes-
poli, 2017), while we are assuming a constant permeability of the me-
dium during the entire process of fluid exsolution. If we consider that the
permeability increases due to an increase of pore pressure, the propa-
gation of the fluid would be faster than currently predicted by our
model. Our model also neglects the 3D heterogeneities of the medium (e.
g. De Siena et al., 2010) and the presence of further deformation sources,
nor does it account for the presence of regional, NNE-SSW extensional
(D’Auria et al., 2014) tectonic stresses, the effects of which could be
superimposed to the one of the TPE inclusion. Nevertheless, the results
shown in Fig. 6 should not be significantly affected by the presence of
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the regional stress field which is expected to be weaker than the stress
due to the TPE source (D’Auria et al., 2014), at least in those near field
regions where seismicity occurs (Fig. 1). Nespoli et al. (2021) suggested
that in order to model the unrest of 82-84, the deformation induced by
the inflation of a deep magma chamber should be also taken into
consideration in addition to TPE effects. In fact, the mechanical effects of
the TPE inclusion should be added to the ones induced by other, deeper,
magmatic deformation sources (e.g. Bonafede et al., 1986; Trasatti et al.,
2011, 2015). The presence of a deep magmatic deformation source
could justify the occurrence of some significant earthquakes (M > 2) in
the deeper part of the caldera (Fig. 1). An interesting improvement of the
applied method would be to study the combined effect of the two
different sources of deformation (TPE and magmatic). A further
advancement of the work could consist in reproducing the subsidence
phases, that generally follow the uplift episodes, in terms of depressur-
ization and cooling of the TPE inclusion. Another improvement to the
model could be to consider the viscoelastic effects of the rocks (Nespoli
et al., 2023). Part of the simplifications assumed in our model could be
treated in the future, probably with the help of more realistic (and
complex) numerical models. However, the latter must be validated by an
analytical background.

5. Conclusions

The simulations presented in this work give significant insights into
the understanding of the physics that regulates the TPE behaviour
within a hydrothermal system. Differently from previous applications
we employed a TPE deformation source to model the transient effects
due to the propagation of fluids within it. The results confirm that our
TPE model allows us to effectively explain both the uplift rate and the
trend of the seismicity. The presence of the modelled TPE volume at
Campi Flegrei is supported by the analysis of the b-values which has a
sharp variation below 1.5 km of depth, corresponding to the depth of the
top of the TPE inclusion. Below 1.5 km, the TPE inclusion-induced shear
stress is maximum, and the occurrence of the largest earthquakes is
expected justifying the sharp decrease of the b-values. We are confident
that the results presented in this work can broaden the debate in terms of
geohazards for the Campi Flegrei caldera. This is primally true, at the
time we are writing, because the yellow state of alert has been issued for
the studied area since 2012. Even if the TPE model is here applied to the
caldera of Campi Flegrei, it can certainly find an appropriate application
in other volcanic or geothermal areas as well. Finally, thermo-fluid
dynamical effects might be invoked also during the uprise of highly
viscous magmatic fluids, since even in this case we face heat advection
through mass movement promoted by a pressure gradient. However in
this case the main mechanism of magma uprise is generally ascribed to
the upward propagation of tensile fractures (dike opening), a process
that cannot be described by Darcy law and would request a completely
different approach.
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