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A B S T R A C T

The study of gravity changes induced by magma chambers in volcanic environments has long been used to 
monitor unrest phases and to estimate the volumes and masses of magma intrusions. However, magma is not the 
sole driver of the observed deformation and gravity changes. Hydrothermal systems within the volcanic structure 
can also play a significant role. Recent advances in Thermo-Poro-Elastic (TPE) inclusion models have made it 
possible to efficiently and accurately simulate the mechanical effects caused by an increase of temperature and 
pore-pressure of fluids in a reservoir. In this work, we calculate the gravity variations induced by a disk-shaped 
inclusion. We model gravity variations induced by increments of pore-pressure and temperature within different 
fluid phases. We also consider the superposition of the effects of a TPE inclusion with a deeper magma chamber. 
The comparison with the data measured at the Campi Flegrei caldera (Italy) allows us to draw some suggestions 
on the use and interpretation of these results. Our findings demonstrate that these effects are significant and 
cannot be overlooked when interpreting gravimetric data during unrest phases and to assess geohazard levels.

1. Introduction

Interpreting different data is extremely important to understand 
unrest phases in volcanic areas. In addition to magmatic eruptions, 
phreatic eruptions, caused by sudden steam expansion, are highly 
dangerous (Gottsmann et al., 2019; Narita et al., 2020). The geophysical 
observables that are most promising for studying unrest phases are 
ground deformation, seismic, and gravimetric data. Today, ground 
deformation can be measured with submillimetric precision and high 
spatial and temporal resolution thanks to geodetic data from GNSS 
(Global Navigation Satellite System) stations and InSAR (Interferometric 
Synthetic Aperture Radar) satellites (e.g. Polcari et al., 2022). These 
data allow estimating with excellent precision the location, the dimen
sion and the ”potency” (i.e., a measure of its ability to deform the sur
rounding medium) of a possible source that may be responsible for the 
observed ground deformation. Inversion methods of geodetic data are 
generally based on preliminary assumptions, such as the type of defor
mation sources (e.g. Segall, 2010; Bonafede et al., 2022). The latter can 
be modeled using dislocations (Okada, 1985), cracks, and pressurized 
sources with various shapes (Yang et al., 1988; Mogi, 1958; Davis, 
1986), which represent features such as dikes and magmatic intrusions. 
Alternatively, Thermo-Poro-Elastic (TPE) inclusions (Belardinelli et al., 
2022; Mantiloni et al., 2020; Currenti et al., 2024) can simulate the 
effects of hot, pressurized hydrothermal fluids permeating a volume 

within the crust. A possible scenario in which a TPE inclusion is placed 
above a magma chamber is sketched in Fig. 1: a plume of hot, pressur
ized fluids released from a deep magma reservoir moves through a 
brittle layer separating the shallow meteoric aquifer (which can have 
high levels of gas saturation) from the deeper system (e.g. Zencher et al., 
2006; Nespoli et al., 2025). During periods of unrest, stress from the 
magmatic reservoir can fracture part of this brittle layer, increasing its 
permeability. Fracturing enables fluids from the deep system to rise into 
the shallow meteoric aquifer enhancing seismicity due to the increasing 
pore-pressure. The deformation and seismic activity accompanying the 
emplacement of hot and pressurized fluids within the fractured brittle 
zone can be described using a TPE inclusion model. TPE models were 
recently applied to study the unrest phases of the Campi Flegrei caldera, 
Italy (Nespoli et al., 2021, 2023b) and the island of Vulcano, Italy (Stissi 
et al., 2023).

The same geodetic dataset can lend to multiple interpretations (e.g. 
Bonafede et al., 2022) which, do not allow for an univocal vision. For 
this reason, it is important to also consider seismic data. The location, 
magnitude and type of earthquakes, together with seismic tomography, 
can provide important information on the state of stress at depth which 
in turn can reveal the type and location of deep structures and buried 
deformation sources (e.g. D’Auria et al., 2014; Belardinelli et al., 2019; 
Nespoli et al., 2023b; Calò and Tramelli, 2018; De Siena et al., 2010).

In addition to geodetic and seismic data, gravimetric measurements 
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provide gravity variations with an accuracy of a few µGal (Berrino and 
Ricciardi, 2020), and modern absolute gravimeters are also capable of 
capturing sub-hourly variations. Measurements of time-space variations 
in the gravity field provide a powerful tool for detecting subsurface mass 
changes and redistributions (e.g. Battaglia et al., 2003; Calahorrano-Di 
Patre et al., 2019). These changes can result from density variations 
caused by the deformation induced by a source or from the addition (or 
loss) of mass in the volcano system (e.g. Sasai, 1986). Since gravimetric 
data allow us to estimate the magnitude of mass input/output involved, 
they are very important for predicting the size of a possible eruption and 
in distinguishing the magmatic contribution from the hydrothermal one. 
However, their interpretation remains challenging, as the same gravity 
variation can have multiple causes and the inversions of gravity and 
deformation data can yield sources of different natures: magmatic, 
hybrid, or purely hydrothermal (e.g. Battaglia et al., 2006, Gottssmann 
et al. 2006, Miller at al., 2018). For this reason, it is crucial to further 
develop and refine physical models.

To model the gravity variations induced by deformation sources in a 
laterally heterogeneous medium, numerical methods can be used (e.g. 
Trasatti and Bonafede, 2008; Currenti et al., 2007; Todesco and Berrino, 
2005). Analytical approaches were also used to study gravity changes 
induced by magma (Walsh and Rice, 1979; Wong and Walsh, 1991; 
Fernández and Rundle, 1994; Bonafede and Mazzanti, 1999; Nikkhoo 
and Rivalta, 2022), even considering visco-elastic effects (Bonafede and 
Ferrari, 2009). While various literature has been written on the gravity 
variations induced by magma-filled deformation sources, in this work 
we show how important it is considering also the gravimetric effects 
induced by TPE inclusions which simultaneously, rapidly and accurately 
explain geodetic, seismic and gravimetric data.

2. Methodology

2.1. Mechanical effects of a TPE inclusion

Following Eshelby (1957), TPE inclusions represent confined rock 
volumes experiencing changes in pore pressure, Δp and temperature, ΔT 
embedded within a poro-elastic medium under drained and isothermal 
conditions (Belardinelli et al., 2019; Nespoli et al., 2025). The strain eij 
induced by a TPE inclusion can be computed as (Belardinelli et al., 2019; 

McTigue, 1986): 

eij =
1
2μ

(
τij −

ν
1 + ντkkδij

)
+ e0δij (1) 

where µ is the rigidity, τij is the stress, ν is the Poisson’s ratio and e0 is 
TPE inclusion potency. The latter is defined as: 

e0 =
1

3H
Δp +

1
3

αsΔT (2) 

where αs is the thermal expansion of the solid phase and H is the 
poroelastic parameter (Biot, 1941). The latter can be expressed in terms 
of the drained incompressibility of the poro-elastic medium, K and that 
of the solid phase KS′ (as is often assumed), through the relation 1/H =
1/K − 1/KS′. The quantity e0 is termed ”potency” as it determines the 
magnitude of displacement, strain, and stress fields generated by the 
TPE inclusion. The displacement, ui is computed by an integration over 
the volume Vs of the inclusion: 

ui(x) = 3Ke0

∫

Vs

∂Gik

∂yk
(x,y)dVs (3) 

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

τij = λekkδij + 2μeij − 3Ke0δij (4) 

while outside the inclusion it can be computed as: 

τij = λekkδij + 2μeij (5) 

In last years analytical solutions were proposed to compute such 
solutions in a full-space for a spherical shell TPE (Belardinelli et al., 
2019) and thin disks (Belardinelli et al., 2022). Semi-analytical ap
proaches to model thin disks in an half-space were proposed by Man
tiloni et al. (2020). More recently Nespoli et al. (2021) and Benussi et al. 
(2024) showed how to model thick cylindrical TPE inclusions, by 
stacking several TPE inclusion disks. The code EFGRN/EFCMP has been 
proposed by Nespoli et al. (2022) to represent TPE inclusion with an 
arbitrary shape. Nespoli et al. (2023a) proposed the solutions to model 
cylindrical Thermo-Poro-Visco-Elastic (TPVE) inclusions considering a 
Maxwell’s rheology. In the present article we employ the solutions of 
Nespoli et al. (2023a) to illustrate the effects on gravity due to a 
disk-shaped TPE inclusion in a uniform half-space, even we are aware 
that vertical elastic and density heterogeneities have important effects 
(e.g. Amoruso et al., 2008). In this work, we focus on the scenario in 
which temperature and pore pressure increase within the TPE inclusion. 
Owing to the linear dependence of the induced mechanical fields on Δp 
and ΔT, opposite variations produce equal and opposite effects; hence, 
heating-pressurization followed by cooling-depressurization restores the 
system to its initial state.

2.2. Gravity changes due to a disk-shaped TPE inclusion

The observed gravity change, ΔgTOT can be separated into a first 
term, ΔgFA depending on the elevation change (Berrino, 1994) and 
another additional term, which express the gravity residuals, ΔgR due to 
mass (i.e. density) redistribution (e.g. Trasatti and Bonafede, 2008; 
Bonafede and Ferrari, 2009; Sasai, 1986): 

ΔgTOT = ΔgFA + ΔgR (6) 

The term ΔgFA can be removed by the free air correction, accounting 
for the vertical displacement of a ground-based benchmark, and it is 
computed as ΔgFA = uz2g/R, where g is the acceleration of gravity and R 
is the distance from the Earth’s center to the benchmark. At 45◦ of 

Fig. 1. Sketch a possible scenario in which a TPE inclusion (orange) is located 
above a deeper magma chamber (red) in a volcanic system. The exsolved fluids 
(arrows) released from the magma chamber rise toward a brittle layer (gray) 
separating the deep circulation from the shallower (meteoric aquifer in light 
blue) one. The fractured, permeable part of the layer can be represented by a 
TPE inclusion that acts as a deformation source and it is able to generate 
seismicity. In the inset the reference system is shown which is employed in the 
following computations, assuming a disk-shaped TPE inclusion and a spherical 
magma chamber (Mogi’s). Q represents the location of a benchmark.
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latitude, ΔgFA = uz2g/R = 0.3086uz mGal. The second term can be 
expressed as follows: 

ΔgR = G
∫

V

Δρ cos γ
|l |

2 dV = ΔgL + ΔgV + Δgd (7) 

with 

ΔgL = G
∫

V

u ⋅∇ ρ cos γ
|l |

2 dV (8) 

ΔgV = − G
∫

V

ρekk
cos γ
|l |

2 dV (9) 

Δgd = G
∫

V

δρd
cos γ
|l |

2 dV (10) 

where V is the total volume embedding non-negligible density variations 
Δρ, with respect to the reference density, ρ, G is the gravitational con
stant, ℓ is the vector between the infinitesimal element dV and the 
observation point, γ is the angle between ℓ and the downward vertical 
axis z. The term ΔgL is due to the displacement of reference density 
heterogeneities within V (the most notable being the displacement of the 
free surface boundary); ΔgV accounts for the density changes due to the 
compressibility of the rocks, and Δgd accounts for density changes 
δρd within the TPE source, including the emplacement of new mass from 
remote distance (Fig. 1).

2.2.1. Computing ΔgL
If we assume that prior to the arrival of new fluids into the TPE in

clusion, the density ρ was uniform in the half-space, the term ΔgL 
computed at the surface z = 0 is given simply by the Bouguer correction, 
so that: 

ΔgL(z=0) = − 2πGρuz(z=0) (11) 

(uz is negative for uplift and positive for subsidence); the density is 

ρ = ρs(1 − ϕ) + ρf ϕ (12) 

with ρs and ρf the densities of the solid matrix and the fluid, respectively 
and ϕ the porosity.

2.2.2. Computing ΔgV
The term ΔgV (9) can be computed numerically by generating a fine 

mesh which discretizes the volume surrounding the TPE inclusion with 
several cuboids elements (with sizes from 20 to 57 m), marked by an 
index i, placed at x, with undeformed volume Vi and deformed volume 
Vi′ = Vi(1 + ekk(x)). The term ΔgV in the discretized space can be then 
expressed as: 

ΔgV ≈ − Gρ
∑

i∕∈Vs

e(i)kk
cos(γi)

l 2
i

Vi (13) 

2.2.3. Computing Δgd
The term Δgd must be considered as the TPE inclusion is not an empty 

volume. Such a term derives from the fact that the TPE inclusion changes 
its volume and its density (accounting for both the solid matrix and the 
pore fluid compressibility) following changes of pore-pressure and 
temperature. As we are assuming that the volume of the inclusion in
creases from Vs to Vs’ due to the arrival of new fluid (mass), the term Δgd 
can be evaluated as: 

Δgd = G
∫

V’
s

ρ’
d
cosγ’

l ’2 dV’s − G
∫

Vs

ρ cosγ
l 2 dVs (14) 

where the deformed configuration is referred with primed variables and 
the densities inside the TPE inclusion depend on the porosity of the in
clusion ϕ. For this purpose, it is convenient to approximate the integrals 
of Eq. (14) by using (for each cuboid) an expansion in spherical har
monics up to the second order (Bonafede and Mazzanti, 1999) which 
leads to: 

Δgd ≈ G
∑

i∈Vs

[(
ρʹ

d(i) − ρ
l 2

i
cosγi

)

Vi +

(
ρʹ

d(i) − ρ
l

ʹ2
i

cosγʹ
i

)

e(i)kkVi

]

(15) 

where the densities for each element of the mesh after deformation can 
be computed as 

ρʹ
d(i) =

[
ρs(1 − ϕ) + ρf ϕ + Δmi

]
Vi

Vʹ
i

(16) 

By considering that the variation in mass content (per unit of un
deformed volume) in a TPE medium can be expressed for small varia
tions of porosity (Δϕ) and fluid density (Δρf) as Δm = (ρf +Δρf) 
(ϕ+Δϕ)− ρfϕ ≃ ρfΔϕ+ ϕΔρf, so that, Δmi, in each cuboid of the TPE 
medium (inside the inclusion) can be written as McTigue (1986): 

Δmi = ρf

[
1

3H
(
σ(i)

kk +3Δp
)
− ϕ

Δp
Kś

+ϕαsΔT
]

+ ϕ
[

ρf
Δp
Kf

− ρf αf ΔT
]

(17) 

= ρf

[
1

3H

(

σ(i)
kk +

3Δp
B

)

− ϕ
(
αf − αs

)
ΔT
]

(18) 

where B is the Skempton’s coefficient, 

B =
1/H

ϕ
/
Kf + 1

/
H − ϕ

/
Kʹ

s
(19) 

The first term in square brackets of Eq. (18) is proportional to the 
difference between the undrained pore pressure (− Bσkk/3) and Δp. It 
accounts for the increase of pore pressure at constant temperature and 
for the increase in the volume of fluid that may be hosted in the cavities 
due to fluid compression. The second term arises from the thermal 
expansion of the cavities within the solid matrix and the thermal in
crease of the fluid volume filling them. To better understand the con
tributions to density variations it is convenient to express it considering 
three different terms as follows: 

ΔρTOT(i) = ρʹ
d(i) − ρ = ΔρV(i) + ΔρP(i) + ΔρT(i) (20) 

where 

ΔρV(i) =
[
ρs(1 − ϕ)+ ρf ϕ

]Vi

Vʹ
i
− ρ, (21) 

ΔρP(i) = ρf

[
1

3H

(

σ(i)
kk +

3Δp
B

)]
Vi

Vʹ
i
, (22) 

ΔρT(i) = ρf
[
− ϕ
(
αf − αs

)
ΔT

]Vi

Vʹ
i

(23) 

considering that ΔρV(i), ΔρP(i), ΔρT(i) are primarily due, respectively, to 
the volume dilation, the pore-pressure change and the temperature 
change occurring within the inclusion. In this work we focus on the case 
Δp >0 and ΔT >0. In the long term after the end of the unrest we expect 
that both p and T will revert to initial values as well as the gravity re
siduals. The methodology can be also applied to describe processes 
involving different signs of Δp and ΔT. For instance, an influx of cold and 
pressurized fluids within a hot, desaturated inclusion can be represented 
assuming ΔT<0 and Δp >0, which will not be considered further in this 
paper.
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3. Results

3.1. Cases C1 to C4: Liquid vs vapor filled TPE inclusions

We compute the gravity variations considering a disk-shaped TPE 
inclusion with a radius a = 2550 m, width of b = 500 m with median 
plane located at z = 1825 m. This geometry is the one inferred by 
Nespoli et al. (2021) by inverting the geodetic data of the past 
(1982–1984) unrest phase of Campi Flegrei (Italy), and was therefore 
chosen because it is a realistic test-case. We considered four different 
cases: in C1 and C2 we assume that the TPE inclusion is saturated with 
water substance (liquid), while in cases C3 and C4 the fluid is vapor 
(Fig. 2 and Tables 1 and 2). Cases C1 and C3 assume that the arrival of 
the fluid plume leads to increments of pore-pressure and temperature of 
Δp = 1 MPa and ΔT = 130 ◦C, respectively, while in C2 and C4 Δp = 10 
MPa and ΔT = 100 ◦C. Such values are choosen in order to get the same 
TPE inclusion potency, e0 = 0.0013 in all the four cases, leading a 
maximum surface uplift of ≈0.67 m. The mechanical effects of a TPE 
inclusion with these characteristics are shown in Fig. 3. The choice of 
considering the same potency in C1 to C4 cases allows us to explore the 
effects of gravity variations induced by fluids with different properties, 
given the same uplift generated by the TPE inclusion. The starting 
density and the thermal expansion coefficient of the fluid were 
computed according to the properties of H2O (Table 2). The TPE pa
rameters of Table 1 are assumed to be constant (i.e. they do not depend 
on p and T). Fig. 2a shows the phase diagram of water (Tf, Pf) super
imposed to its density. For each case C1 to C4 the arrows in the graph 

show the initial (T = Tf, p = Pf) and the final state (T = Tf + ΔT, p = Pf +

Δp) of the fluid inside the TPE inclusion (Table 2). We will discuss case 
C5 in the next section. By ”initial state,” we refer to the condition of the 
fluid permeating the TPE inclusion before the arrival of the hot, pres
surized fluid plume. The ”final state” represents the condition the fluid 
would reach inside the TPE inclusion, assuming uniform increases of 
pressure (Δp) and temperature (ΔT). In the 4 cases, C1 to C4, the 
assumed variations do not involve a state change from liquid to vapor. 
This allows us not to consider phase transitions. In cases C1 and C3 the 
starting pressure is lower (Pf = 5 ⋅ 105 Pa) than in cases C2 and C4 (Pf =

5⋅106 Pa). Fig. 2b shows the different contributions (Eqs. (21), 22, 23) to 
the density variations obtained in the 4 cases. Let us first note that the 
contributions to the density variations are generally negative or very 
small. Total density variations obtained in C1 and C2 are similar (≈ − 17 
kg/m3). The greater contribution comes from ΔρT which explains about 
65 % of the total variation. This contribution comes basically from the 
different volumetric expansion of the fluid and the solid matrix 
following the increase in temperature and indicates that the heating of 
the TPE inclusion, i.e. the ΔT, has an important role in the calculation of 
the gravity variations. A significant contribution (30 %), though the 
second largest, comes from ΔρV (≈ − 5 kg/m3), which is associated with 
volume changes in the individual elements comprising the TPE inclu
sion. These elements undergo expansion, leading to a reduction in their 
density. The contribution of Δρp is very small and provides in all the 
three cases by no >5 % of the total density variations. In the cases C3 and 
C4, where the fluid is water vapor, both the contribution Δρp and ΔρT are 
low and most of the density variations are due to ΔρV . This is due to the 
fact that the fluid densities are much smaller with respect to the ones in 
C1 and C2.

Fig. 4 shows the gravity variations induced by the TPE inclusions in 
the four cases. In all cases the ΔgFA term deriving from the free air 
correction is the greatest one in magnitude and reaches about − 200 
µGal. The negative value is consistent with the fact that for a positive 
potency the TPE inclusion leads to uplift. Similarly, this is true for the 
term deriving from the (positive) Bouguer’s correction, ΔgL. ΔgV is al
ways negative due to the expansion induced by the inclusion on all the 
surrounding space, even if it is low in magnitude in all cases (see Fig. 3a 
and 3b for vertical sections of stress and strain fields). The term Δgd is 
larger in absolute value than ΔgV and it is also negative, due to the 
stronger density decreases, induced by volumetric expansion resulting 
from positive Δp and ΔT, occurring within the TPE inclusion. The most 
important value to compare with surface observations is however the 
residual gravity, ΔgR, which is negative in cases C1 and C2 (reaching 
about − 120 µGal), negligibly small in C3, and positive but small in C4 (≈
13 µGal).

3.2. Case C5: Discontinuous density changes due to phase changes

A transformation that intersects the equilibrium curve of water (for 
example, near the critical point, as illustrated in Fig. 2) results in a phase 
change. In this case, significant density variations can be induced by 
relatively small and transient changes in pore pressure and/or temper
ature. Pressure and temperature pulses can be due for example to the 
arrival (or escape) of a plume of fluids or to rapid fracturing and vari
ations in permeability induced by seismicity and causing changes in the 

Fig. 2. (a) Fluid densities in cases C1 to C5 (color) plotted in the Clapeyron’s 
phase diagram of water (pressure vs temperature). (b) Different contributions to 
the density variation computed in the center of the TPE inclusion. The fluid 
parameters of C1 to C4 are reported in Table 2. The black line is the equilib
rium curve.

Table 1 
Thermo-Poro-Elastic rock parameters used in the test cases (Nespoli et al., 
2021). Subscripts s refer to the solid phase.

Symbol Parameter Unit of measure Value

ρs Density kg/m3 2650
ϕ Porosity - 0.2
αs Thermal expansion 1/K 3 ⋅ 10− 5

µ Shear modulus Pa 6 ⋅ 109

λ Lamè’s parameter Pa 4 ⋅ 109

H Poroelastic parameter Pa 1.01 ⋅ 1010
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fluid flow. To account for gravity changes in presence of phase changes 
we cannot use Eq. (18) as density variations are not small and cannot be 
computed through Kf and αf. In this case, Eq. (18) must be rewritten as: 

Δmi = ρʹ
f

[
1

3H
(
σ(i)

kk +3 Δp
)
− ϕ

Δp
Kś

+ϕαsΔT
]

+ ϕχ
(

ρʹ
f − ρf

)
(24) 

where the finite discontinuity of density, Δρ́f = ρ́f − ρf is introduced, 
which reflects the change in fluid density from its initial value, ρf, to the 
final one, ρ’f, on the other side of the equilibrium curve; χ is the volume 
fraction of the fluid undergoing phase changes. To study the effects of 
phase changes, we now analyze how density variations in a thin layer at 
the top of the inclusion (”transition layer”) affect the observed gravity 
changes. Nearby, the shallow meteoric aquifer (Fig. 1) promotes rapid 
fluid circulation and consequently a swift redistribution of excess or 
deficient fluid mass in response to density changes. In the transition 
layer, the proximity of the cold, shallow meteoric aquifer and the high 
pressure of the fluids within the TPE inclusion would favor condensa
tion. Conversely, vaporization is favored by the gradual decrease in 
pressure within the hot, rising plume, which progressively dissipates its 
overpressure toward the meteoric aquifer. When the fluid is near the 
equilibrium curve, both liquid and vapor phases coexist. In such con
ditions, even small fractures or transient fluid flows can quickly alter the 
balance between gas and liquid saturation within the rock’s pores. Case 
C5 (Inset of Fig. 2a) shows an example of a phase transition occurring 
during a transformation at constant pressure (Pf = 17 ⋅ 106 Pa, Δp = 0) 
and temperature (Tf = 350 ◦C, ΔT = 0) that leads to the condensation of 
50 % of the gas (χ = 0.5) and a Δρf ≈ 480 kg/m3 (Haar et al., 1984). In 
this case only the last term of the Eq. (24) survives. Case C5 indicates 
that it is sufficient to consider a transition layer with a thickness of 50 m 
to obtain positive gravity residuals ΔgR ≈ 45 µGal (i.e. ΔgR ≈ 90 µGal if χ 
= 1). It is important to note that, in this case, the gravity residuals are 
calculated assuming a TPE inclusion with e0 = 0. In C5 we focus only on 
a partial condensation (with 0 < χ < 1), as the other terms are irrele
vant. In fact, even for reasonable values of the variables (e.g. Δp = 10 
MPa, ΔT = 100 ◦C, ϕχ =0.1) the last term of the Eq. (24) is orders of 
magnitude larger than the others, so Δmi ≈ ϕχ(ρ′f − ρf). This implies that 
significant gravity variations due to phase changes can occur even for 
small Δp and ΔT without being linked to significant ground uplift, 

suggesting that these density variations may produce a large scatter in 
measured gravity residuals at nearly constant deformation.

3.3. Hints from the Campi Flegrei caldera

The Campi Flegrei caldera in Italy (Fig. 5) has experienced multiple 
volcanic events over the past 47,000 years. In recent times, its activity 
has primarily been marked by gas emissions, fumaroles, and rapid 
ground uplift (bradyseism), followed by periods of ground subsidence 
(e.g. De Vivo, 2006). A significant uplift occurred between 1982 and 
1984, reaching 1.8 m in the city of Pozzuoli (Trasatti et al., 2011). Since 
2005, another uplift phase is ongoing, accompanied by increased 
seismic activity at shallow depth and variations of fumarole emissions 
(Chiodini et al., 2016). Advancements in geodetic techniques, like InSAR 
and GNSS, have enabled more precise measurements of smaller uplift 
episodes in recent years. Despite variations in volcanic activity, the 
pattern of the surface deformation of the caldera remains stable and 
nearly symmetrical, centered around Pozzuoli (Nespoli et al., 2023b; 
Vitale and Natale, 2023). Various models have been used to study the 
deformation of Campi Flegrei. Most of them are pressurized sources or 
cracks which are meant to represent volumes of magma (e.g. Amoruso 
et al., 2008; Trasatti et al., 2011; Bonafede et al., 1986). Bonafede et al. 
(2022) report a systematic review of them. Nevertheless, models based 
on hydrothermal circulation also provide a good explanation (e.g. 
Todesco, 2021; Nespoli et al., 2021), suggesting that the uplift episodes 
are likely caused by a combination of fluid flow within the shallow 
hydrothermal system and the emplacement and movement of magma. 
The current phase of unrest still creates a diversity of interpretations (e. 
g. Nespoli et al., 2022; Tramelli et al., 2024; Scotto di Uccio et al., 2024; 
Astort et al., 2024; Giacomuzzi et al., 2025) that, although they favor a 
constructive scientific debate, suggest that a satisfactory understanding 
of the phenomenon is not yet close.

Free air corrected gravity residuals measured at the Serapeo location 
collected between 1980 and 2020 (Berrino and Ricciardi, 2020) are 
reported in Fig. 5b, while the uplift measured in the city of Pozzuoli by 
leveling (Del Gaudio et al., 2010) and GNSS (Rione Terra) since 2000 
(De Martino et al., 2021) is shown in Fig. 5c. Both locations roughly 
correspond to the point of greatest ground uplift. Gravimetric data show 

Table 2 
Fluid (subscripts f) parameters used in the test cases (https://irc.wisc.edu/properties/ and XSteam (Holmgren, 2025), IAPWS IF-97 standard). Pf and Tf are the assumed 
initial pressure and temperaure of the fluid, respectively (Fig. 2). In cases C3 and C4, B is computed from the Eq. (19), considering that Kf corresponds to pressure 
reached in the two cases: 1.5 MPa in C3 and 15 MPa in C4.

Symbol Parameter Units C1-Liquid C2-Liquid C3-Vapor C4-Vapor C5-L + V

ρf Density kg/m3 985.9 960.6 2.440 22.05 102.4
αf Thermal expansion 1/K 0.00049 0.00074 0.00250 0.00320 -
B Skempton parameter - 0.62 0.62 0.0008 0.008 -
Δp Pore pressure change Pa 1 ⋅ 106 10 ⋅ 106 1 ⋅ 106 10 ⋅ 106 0
ΔT Temperature change ◦C 130 100 130 100 0
Pf Fluid pressure Pa 0.5 ⋅ 106 5 ⋅ 106 0.5 ⋅ 106 5 ⋅ 106 17 ⋅ 106

Tf Fluid temperature ◦C 55 100 185 300 350

Fig. 3. Vertical sections of the trace of the stress tensor (a) and of the deformation (dilation) (b) for a disk-shaped TPE inclusion with radius a = 2550 m, width b =
500 m with median plane located at z = 1825 m. The TPE inclusion potency is e0 = 0.0013. The assumed TPE parameters are the same as the ones used by Nespoli 
et al. (2021) and are reported in Table 1. Black arrows represent the displacement.
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a rapid increase in gravity residuals accompanying the uplift trend 
during the unrest phase of 1982–1984. The same does not seem to 
happen in the subsequent unrest phase, since the increase in the uplift 
detected since 2005 is not accompanied by a net increase of the gravi
metric data, which are scattered around values of ± 40 µGal with respect 
to an average value that has been almost constant since 1990. These 
oscillations are well above the uncertainty of the data which does not 
exceed ± 10 µGal (Berrino and Ricciardi, 2020). It is important to 
remember that the geometrical parameters and the potency, e0 chosen 
for the TPE inclusion of section (3.1) were inferred by Nespoli et al. 
(2021) from the inversion of the geodetic data measured between June 
1980 and June 1983. In this period an overall uplift of ≈0.67 m and a 
gravity residual of ≈45 µGal, were measured respectively at Pozzuoli 
and Serapeo (Fig. 5). Fig. 5d reports the computed gravity residuals due 
to the five cases C1 to C5 presented in the previous sections. As we can 
see, cases C3 and C4 (steam) provide very low residuals that alone 
cannot explain the increases of gravity observed in the 1982–84 unrest 
phase. Cases C1 and C2 (liquid water) give rise to strongly negative 
residuals, which are opposite to those observed in the 1982–84 unrest 
phase. Case C5 instead explains positive gravity residuals without sig
nificant uplift and could explain the oscillations observed after 1985. To 
compare the TPE inclusions with a magmatic source, we have reported 
in Fig. 5d the gravity residuals that would be obtained considering a 
pressurized Mogi’s source. We investigated the effects of a Mogi source 
located beneath the TPE inclusion, with both sources sharing the same 

vertical symmetry axis. Consistently with Bonafede and Ferrari (2009), 
we assumed a Mogi source (M) located at d(M)=3 km, with a radius aM=

500 m. The overpressure was assumed to be ΔP(M)=362 MPa to realize a 
maximum uplift equal to 0.67 m. Gravity residuals induced by the Mogi 
source were computed following Bonafede and Ferrari (2009) as: 

ΔgR(M) ≈
G ρmV0

d2
(M)

(
ΔVout

V0
+

ΔP(M)

K

)

(25) 

where the density of the magma is ρm = 2500 kg/m3, V0 =4/3π(aM)3 is 
the source volume and the volume variation of the pressurized sphere is 
ΔVout = 3V0 ΔP(M)/4μ. As known from past literature (e.g. Trasatti and 
Bonafede, 2008), the Mogi source can easily explain gravity changes 
with a magnitude of some tens of µGal. To provide an additional com
parison, we also considered a vertical prolate spheroid (Yang et al., 
1988) as another source of deformation. The geometry of the spheroid 
(S) is the one retrieved by the inversion of geodetic data by Gottssmann 
et al. (2006): major semi-axis of 2.2 km, minor semi-axes of 1.4 km 
placed at a depth of 2.9 km. In this case the pressure required to produce 
a maximum uplift of 0.67 m (computed with dMODELS, Battaglia et al., 
2013) is much lower (about 11 MPa) with respect to the one of the Mogi 
source. By assuming an input of material producing ΔgR(S) = 45 μGal 
(Clark et al., 1986) we should infer a density of 2200 kg/m3 (Fig. 5). As a 
final test, we examined the combined effects of TPE inclusion and the 
Mogi source. By leveraging the superposition principle, we determined 

Fig. 4. Gravity changes induced by a disk-shaped TPE inclusion with radius a = 2550 m, width b = 500 m with median plane located at z = 1825 m. Panels a and b 
are pertinent to TPE inclusions saturated with liquid water substance, while panels c and d the TPE inclusion are vapor saturated. In panels a and c we assumed Δp =
1 MPa and ΔT = 130 ◦C, while in panels b and d, Δp = 10 MPa and ΔT = 100 ◦C: the TPE inclusion potency is the same in all the panels (e0 = 0.0013). The assumed 
parameters for the solid phase, which are the same as the ones used by Nespoli et al. (2021), as well as the fluid parameters, are reported in Table 1 and Table 2, 
respectively.
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that the total impact of both sources could be obtained by simply adding 
their individual contributions to the mechanical fields. This analysis 
revealed that a system with a deep Mogi source (located at 3 km of 
depth) accounting for 72 % of the observed uplift, and a shallow liquid 
filled TPE inclusion (located at 1825 m, as in case C1) contributing the 
remaining 28 %, would result in zero gravity residuals. This is true 
regardless of the observed uplift, as the mechanical effects induced by 
the TPE inclusion and the Mogi source linearly depend on e0(Δp,ΔT) and 
ΔP(M), respectively.

4. Discussion

TPE inclusions play a key role during the unrest phases of volcanic 
systems since they produce a significant uplift and widespread shallow 
seismicity without the need to assume the intrusion of magma into the 
most superficial zones of the volcanic system.

Our results suggest that for the same induced uplift (and thus the 
same potency) the fluid phase inside the TPE inclusion significantly 

affects the associated gravity variations (Fig. 5). If the fluid undergoing 
temperature and pressure changes is liquid water (C1 and C2), the ex
pected gravity residuals at the surface are strongly negative, reaching 
values as low as − 100 µGal in our test cases. In contrast, if the fluid is in a 
gaseous state (C3 and C4), the resulting gravity variations are minimal 
or negligible. This suggests that a TPE inclusion can generate substantial 
uplift without leaving a detectable signature in the residual gravimetric 
data. This finding highlights the potential for a strong decorrelation 
between deformation and gravity residuals due to TPE effects. In con
ventional models, such as pressurized cavities or cracks filled by fluids 
(e.g., Battaglia et al., 2006), an increase in source volume is usually 
associated with the addition of new mass, producing positive gravity 
changes with magnitude depending on the density of the injected ma
terial (magma, hydrothermal fluid or hybrid). In contrast, TPE in
clusions behave differently: increases in pore pressure and temperature 
lead to source volume expansion and uplift, but despite this, they can 
generate decreases in gravity residuals or even produce no detectable 
gravity variation at all. This occurs because the fluid mass within the 

Fig. 5. (a) Map of Campi Flegrei (Italy). The blue square represents the location of measures of gravity residuas (Serapeo); the red circle represents the location of 
maximum displacement, in the city of Pozzuoli; the orange circle represents the projection of the boundaries of the disk-shaped TPE inclusion inferred by (Nespoli 
et al., 2021) by inverting the geodetic data in the period June 1980–June 1983. (b) Residuals of gravity (ΔgR) measured at the Serapeo station (Campi Flegrei, Italy) 
(Berrino and Ricciardi, 2020) from 1980 (blue circles) According to Berrino and Ricciardi (2020), the errors in the gravity data are <10 μGal; however, to account for 
the errors in the measurements of deformation that may affect the gravity residuals, error bars of ±20 μGal are shown, in agreement with Battaglia et al. (2006). (c) 
Vertical displacement measured in the city of Pozzuoli (De Martino et al., 2021; Del Gaudio et al., 2010). (d) Computed gravity residuals in cases C1 to C5; due to a 
Mogi source; due to a Yang source; due to a Mogi source plus a TPE inclusion. All the models in panel d were obtained considering the same elastic parameters of 
Table 1 and lead to the same maximum uplift (0.67 m). In the latter model the Mogi source accounts for 72 % of the observed uplift (0.48 m), and a shallow TPE 
inclusion (as in case C1) generates the remaining 28 % (0.19 m).
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inclusion does not depend solely on its volume, but rather on the com
bined effects of all TPE parameters that govern the physical behavior of 
both the solid and fluid phases.

We also found that if the fluid is near the equilibrium curve in the 
Clapeyron diagram (e.g. Fig. 2), phase changes can induce rapid density 
variations, producing measurable gravity residuals without significant 
surface uplift. Such a behavior was observed for example at the K̄ılauea 
Volcano (Hawaii, USA) where the gravity changes without corre
sponding surface deformation have been attributed to several mecha
nisms including the replacement of gas-rich magma by denser outgassed 
magma, magma compressibility, and the filling of void space (Bagnardi 
et al., 2014). The effect of TPE inclusions represents an additional pro
cess that can account for gravity variations in the absence of uplift, 
emphasizing the role of fluid density changes driven by thermodynamic 
phase transitions. Accordingly, in the future it will be essential to 
investigate the nature of the fluid within the inclusion and its specific 
physical behavior in greater detail. The results of the present work offer 
only a starting point to continue investigating, which could consider for 
example fluid mixtures such as H2O+CO2, which are generally abundant 
in volcanic environments (e.g. Chiodini et al., 2021). Considering fluid 
mixtures instead of pure water can affect the response of a TPE inclusion, 
as the lower density and higher compressibility of the mixture reduce 
the gravity signal for a given volume change, while phase separation 
between liquid and gas can produce rapid local density variations, 
potentially enhancing the decorrelation between surface uplift and 
gravity variations. Our results indicate that temperature variations can 
play an even greater role than pore pressure variations, not only in 
determining the TPE inclusion potency and thereby the intensity of all 
mechanical effects (as was already known from Nespoli et al., 2021), but 
also in influencing gravity variations. In particular, when the fluid inside 
the inclusion is liquid (C1 and C2), its “high” density makes it more 
effective in modifying the inclusion’s internal density (and thus the 
resulting gravity variation) in response to thermal expansion of the TPE 
medium (Fig. 2b).

4.1. Implications for data interpretation

The application of the results to the Campi Flegrei caldera presented 
in the previous sections allowed us to apply the results to a real case in 
which the interpretation of data made difficult by the probable coexis
tence of deformation sources of magmatic and hydrothermal origin. The 
present work does not aim to resolve the ongoing debate about the cause 
of the actual unrest at Campi Flegrei. Instead, it seeks to highlight that 
TPE inclusion models can offer valuable insights in the interpretation of 
gravimetric data, adding another piece to the puzzle that should not be 
overlooked. From the application to Campi Flegrei we could understand 
that it is unlikely that the gravity variations induced by a TPE inclusion 
alone can explain the residuals observed during the past unrest phase of 
1982–1984. In fact, all four case studies C1 to C4 show that TPE in
clusions (at least of the geometry considered), cannot provide significant 
positive gravity variations. This would suggest a significant magmatic 
contribution during the unrest phase of 1982–1984, as detected by much 
of the literature (Bonafede et al., 2022, and ref. therein) and the appli
cations of TPE inclusion models (Nespoli et al., 2021). On the other 
hand, even purely magmatic models have their limitations, because: i) 
several studies based on seismic tomography and deep drillings 
excluded the presence of large magma bodies (i.e., above the tomo
graphic resolution) in the shallowest kilometers of the caldera 
(Judenherc and Zollo, 2004; Carlino et al., 2012); ii) a single Mogi 
source cannot fully explain the observed uplift without requiring an 
overpressure of some hundred MPa: this pressure exceeds the tensile 
strength of crustal rocks, which is only a few tens of MPa, making it 
unrealistic for the medium to remain in the elastic regime (Brace and 
Kohlstedt, 1980). However, this latter issue can be resolved by consid
ering ”penny-shaped crack” models and not symmetric sources such as a 
prolate spheroid which, unlike Mogi’s spherical pressurized source 

models, do not require excessive pressures (e.g. Battaglia et al., 2006; 
Gottsmann et al., 2006) This is why the combined effect of multiple 
deformation sources seems to be an unescapable solution.

Through case C5, we estimated the gravitational effects caused by 
rapid density changes, which can result from phase changes occurring 
within a thin layer of 50 m containing water near the equilibrium curve 
of the Clapeyron diagram (P = 17 MPa, T = 350 ◦C, Fig. 2). This 
assumption represents a possible scenario in the Campi Flegrei caldera 
because data from deep wells (Agip, 1987) showed that temperatures up 
to 420 ◦C were found at depths <3 km. It is therefore possible that the 
fluid within the TPE inclusion could be near the critical point of water, 
(Tc = 374 ◦C, Pc = 22 MPa). In this scenario, the residual gravity vari
ations are positive, reaching a significant value of approximately 90 
µGal when the thin layer completely condensates. However, it is unlikely 
that these variations alone may account for the 1982–84 unrest, as they 
are not associated with a significant increase in uplift, contrary to the 
observations. It is instead likely that they can explain the oscillations (up 
to ±40 µGal) of the gravity measurements observed in post ’82-’84 
unrest phase (Fig. 5b) that are not accompanied by significant 
displacement oscillations. Berrino and Ricciardi (2020), focusing on the 
period 2015–2019, state that the data generally do not exhibit a clear 
inverse linear correlation between gravity and height changes. Instead, 
according to Berrino and Ricciardi (2020), ”a time alternation of gravity 
decrease/increase has been detected; it suggests an alternation of emp
tying/replenishment processes” (driven by shallow fluids). This interpre
tation is consistent with our results, which indicate that the gravity 
residuals may be due to cyclical pulses of pore pressure in near-critical 
fluids (Case C5). A similar interpretation was provided by Gottsmann 
et al. (2005) for the Nisyros Caldera (Greece), where short-term gravity 
variations (not correlated with uplift) were attributed to the ascent of 
steam pockets and transient pressure variations during steam/liquid 
interface propagation in the shallow hydrothermal system. Anyway, it 
should be considered that the local gravimetric data could be also 
influenced by fluid reservoirs that are much smaller than the TPE in
clusion but also much shallower.

The application made considering the coexistence of a Mogi source 
and a TPE inclusion should be considered as a first step for a realistic 
modeling of the volcanic system in which neither the magmatic nor the 
hydrothermal contribution is neglected. Such an application is inten
tionally simplified, since it aims at highlighting the main effect of the 
superposition of the two sources on gravimetric data. In the future it will 
be necessary to investigate in more detail the mechanical effects induced 
by the superposition of the deformation sources. Such an investigation 
could, for example, implement data inversion approaches that account 
for the coexistence of multiple sources and consider a layered half-space 
model, which allows for a more accurate estimate of intrusion densities 
(e.g., Amoruso et al., 2008); however, this is beyond the scope of the 
present work.. Nevertheless, even the present simplified analysis shows 
is that a shallow TPE inclusion, which produces negative gravity re
siduals, combined with a deeper inflating magma chamber, which 
causes positive gravity variations, can generate substantial uplift 
without causing notable gravity residual changes (Case Mogi + C1 in 
Fig. 5). Moreover, by changing the ratios between the potencies of two 
sources, we could observe both increases and decreases in gravity re
siduals, depending on whether the effects of one source prevail over the 
other. In other words, the TPE inclusion can mask the gravitational ef
fects of magma ascent. Even when the TPE inclusion cannot entirely 
cancel the gravity effects induced by the magma chamber, it can still 
significantly reduce them. Recognizing this effect is crucial for avoiding 
misinterpretations in volcanic hazard assessment, where the absence of 
gravimetric variations could otherwise be taken as evidence against 
magmatic intrusions.

The results of the present work can find application to any volcanic 
system characterized by an active hydrothermal system. For instance, 
Carbone et al. (2023) suggest that at Mt. Etna the observed gravity 
decrease may result either from the replacement of dense resident 
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magma by less dense rising magma or from an increase in exsolved gas in 
the reservoir, highlighting how the study of the superposition of 
magmatic and hydrothermal effects can be particularly important. This 
is the case, for example, at the Long Valley Caldera (Battaglia et al., 
1999), the island of Vulcano (Italy) (Stissi et al., 2023), and Cotopaxi 
volcano (Ecuador), where both types of phenomena can be invoked to 
explain observed data (Calahorrano-Di Patrea et al., 2019). An interplay 
between magmatic and hydrothermal processes has been also docu
mented at Te Maari (New Zealand), where the decorrelation between 
gravity changes and deformation sources was attributed to fluid 
migration (Miller et al., 2018).

5. Conclusions

The results of this work indicate that the residual gravity variations, 
due to increases in temperature and pore pressure in a thermo-poro- 
elastic inclusion are significant. Such variations are strictly related to 
the phase of the fluid that permeates the inclusion. In our case we have 
seen that if the fluid inside the inclusion is liquid water the TPE inclusion 
induces negative gravity residuals, if the fluid is in the gaseous state the 
TPE inclusion induces very small gravity residuals, while inducing a 
significant ground uplift. The condensation (or vaporization) of a thin 
surface layer, on the other hand, would justify large gravity variations 
that are not associated with significant uplift. The results also show that 
the heating and pressurization of a TPE inclusion can conceal the 
gravitational effects of magma ascent. Even when it cannot fully 
neutralize these effects, it can considerably weaken them. This sub
stantially complicates the interpretation of gravimetric data for hazard 
assessment, for example in estimating the volumes of magma involved in 
an unrest phase and emphasizes the need for greater caution when 
estimating new magma input based solely on geodetic and gravimetric 
data, without accounting for the influence of the hydrothermal system.
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